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Summary 
Cylindrical helix and planar spiral antennas produce circularly polarised (CP) radiation 
over a wide bandwidth. Unfortunately this circular polarisation is not maintained in off- 
axis directions. This research investigates the Spherical Helical Antenna (SHA) which 
is essentially a helix which has been tapered to give it a spherical envelope. The SHA is 
shown to produce good quality CP over both a wide bandwidth and a wide beamwidth. 
Custom FORTRAN code has been written which implements the Method of Moments 
(MoM) technique in order to model the antenna. Curved segments are used and these 
are shown to substantially reduce the number of segments required to accurately 
represent the current distribution and shape of the antenna. The code is carefully 
validated against both published results and control software. 
Modifications are proposed to the SHA including a novel scheme to define the spacing 
between turns, the consideration of non-integer number of turns, truncation, and a novel 
balanced feed configuration. Each of these modifications is shown to improve the 
performance of the antenna, particularly its polarisation properties. 
A multi-objective non-dominated genetic algorithm (GA) is applied to optimise the 
perfonnance of the antenna in terms of its axial ratio (AR) in the boresight direction and 
its half-power and AR beamwidths. 
With the aid of a purpose-milled mould which allowed wires to be shaped to exact 
curvatures, a prototype twin-arm SHA has been constructed. Radiation patterns and 
axial ratio measurements for this antenna are presented. 
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I Chapter I Introduction I 
1 Introduction 
1.1 Purpose of research 
V] The cylindrical helix antenna, first proposed by Kraus , and the planar spiral 
antenna [241 are both well known for producing circularly polarised (CP) radiation over 
a wide bandwidth. Such properties are useful for a range of applications, particularly 
satellite and other Earth-space communications where radio signals undergo Faraday 
rotation as they pass through the ionosphere. One of the limitations to both of these 
types of antenna, however, is their inability to produce good CP off-axis 151 which 
results in relatively low usable bewnwidths. 
This research seeks to provide a solution to this problem by finding an antenna which 
radiates good quality CP over both a wide bandwidth and a wide bearnwidth. The 
antenna presented in this thesis, as a solution to this problem, is the Spherical Helical 
Antenna. This is essentially a helix which has been tapered to give it a spherical 
envelope. The Spherical Helical Antenna (SHA), first proposed by Cardoso and Safaai- 
Jazi [61 , has received only 
limited coverage in publications [7-151 so has not been fully 
researched. It is the purpose of this thesis to expand on this work. In particular this 
research will investigate various modifications to the SHA including a novel scheme to 
define the sPacing between turns, the consideration of a non-integer number of turns, 
truncation, and a novel balanced feed configuration. In addition, a search algorithm will 
be applied to optimise the antenna for minimum axial ratio (AR) on boresight, and 
maximum AR beamwidth. 
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1.2 Review of relevant research 
It is important to consider research that has been published on helical and spiral 
antennas, and in particular the modifications made to these in the pursuit of improved 
performance. Indeed it is also important to look at the limited number of papers on the 
SHA. In Chapter 4a genetic algorithm will be used to optimise the performance of the 
antenna. It is necessary therefore to consider optimisation techniques. A review of 
papers relevant to these areas follows. 
1.2.1 The cylindrical helix antenna 
The cylindrical helix, first proposed by Kraus 111, is a broadband antenna capable of 
providing a high gain and producing circular polarisation. It has two principle modes of 
operation - normal mode and axial mode. In normal mode, the radiation pattern is at a 
maximum in the plane which is normal to the axis of the helix. This mode occurs when 
the dimensions of the helix are small compared with the wavelength. In axial mode, the 
maximum radiation intensity is along the axis of the helix. CP is obtained in the axial 
mode when the circumference of the helix is close to a wavelength and the spacing 
between turns is around V4. 
The current distribution on the helix is defined by three regions: near the feed end the 
current magnitude decays, in the middle region the current takes the form of a travelling 
wave, and towards the open end of the helix a standing wave pattern is formed. For 
first-order approximations, the current can be considered to follow a travelling wave 
pattern over the entire of the helix. Furthermore Krauss found Ell that the phase velocity 
on the helix varies according to the frequency of the wave in such a way that the 
r 1-2 
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increased-directivity condition is satisfied over a wide bandwidth. This condition 
requires that successive turns of the helix have a current distribution which is phase 
retarded by the same amount as the electrical separation between the turns. Thus the 
directivity in the axial direction is maximised. 
1.2.2 Modifications to the helix antenna 
Several authors have proposed modifications to the standard cylindrical helix in order to 
improve its performance. Wong and King [161 proposed a quasi-taper helix; a helix 
formed by connecting together a number of uniform cylindrical helices of different 
diameters. Through experimental results they showed that by using this approach it is 
not only possible to increase the bandwidth of the antenna but also to synthesize an 
antenna to attain a specified gain-frequency response. To demonstrate the increase in 
performance they compared the quasi-taper helix to both a uniform helix and a 
continuously tapered helix and obtained a 25% improvement in bandwidth. In addition 
to the bandwidth improvements they also showed that tapering the helix can improve its 
axial ratio. 
Donn 1171 investigated connecting a fully tapered conical section to the open end of the 
cylindrical helix in the search for better on- and off-boresight axial ratio performance. 
Significant improvements were shown through experimental results. 
Kraft and M6nich 1181 used MoM to investigate how tapering the ends of a cylindrical 
helix affected the axial ratio of the radiated wave. They pointed out that the polarisation 
due to the helix is significantly dependent on both 0 and 0, therefore the consideration 
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of axial ratio in only certain elevation planes is insufficient. As a consequence they 
considered the polarisation properties of the antenna over the entire radiation 
hemisphere and utilised a novel contour diagram to show this information 
diagrammatically. 
1.2.3 The spiral antenna 
Spiral antennas are well known for their wide bandwidth and CP properties, and have 
frequently been modelled using the Method of Moments E19"211. It is usual to 
approximate the curved arms as a series of linear segments in order to simplify the 
analysis. It has been shown however [221 that many more segments are needed to 
approximate the curvature, than are required to approximate the current distribution. 
This has led some authors including Champagne [221 and Khamas and Cook [23,24] to 
develop curved segment analyses which they have shown to be significantly faster and 
less memory intensive. 
Recently Saghi, Khamas, and Cook 1251 have expanded their curved segment analysis to 
model a twin-arm Archimedean spiral conformal to the surface of a cylinder. They 
found that this antenna gave a wider beamwidth compared to a planar spiral. 
1.2.4 The Spherical Helical Antenna (SHA) 
Taking the idea of tapering the cylindrical helix one step further leads to the concept of 
a Spherical Helical Antenna (SHA). As the name suggests, this is a helical antenna with 
a spherical envelope instead of the usual cylinder. The SHA was first proposed by 
Cardoso and Safaai-Jazi 
161 in 1993 although some earlier work by Mei and Meyer 
[261 in 
1-4 
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1964 touched on a similar idea. Mei and Meyer published analytical solutions for the 
radiation patterns due to a spherical antenna with an anisotropic surface. The surface 
described conducts only in a spherically-spiral direction, so can be likened to a spherical 
helix with an infinite number of turns. Riblet [271 also proposed an antenna similar to the 
SHA. He showed a spherical antenna with an equiangular spiral slot which had been 
plotted onto a plane then projected onto the surface of the sphere. 
Cardoso and Safaai-Jazi [61 suggested that unlike the cylindrical helix which provides 
circular polarisation (CP) only in the direction near to its axis, the SHA should produce 
good CP over a much wider beamwidth. This would be of huge benefit in many 
situations requiring CP where the receiving or transmitting antennas were not at fixed 
locations. Satellite communications is one such application where a fixed earth-based 
antenna may need to receive signals from satellites anywhere in the sky. A circularly 
polarised receiving antenna is beneficial in this case as it allows the reception of signals 
which have undergone Faraday rotation from passing through the ionosphere. 
In their first paper Cardoso and Safaai-Jazi 161 used the wire antenna code ESP 
(Electromagnetic Surface Patch code) which is based on the Method of Moments, to 
model a coaxially-fed I O-turn SHA above a ground plane. Their results showed that 
reasonable CP was obtained over a 90' beamwidth -a significant improvement over the 
cylindrical helix. The limitation to this was that this CP over a wide beamwidth was 
maintained over a relatively narrow bandwidth (about 1.5 %. ) 
In a second paper Safaai-Jazi and Cardoso [71 considered the effect of altering the 
number of turns on the spherical helical antenna. They tested antennas with between 3 
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-1 
and 10 turns and showed that the number of turns is unimportant with regard to the 
radiation pattern and directivity. They stated that typical 3dB and I OdB bearnwidths are 
60' and 110' respectively, but that the polarisation over the beam varied greatly and 
was affected by frequency. In general the polarisation is elliptical, but under certain 
conditions, CP can be obtained over a wide bearnwidth. 
Hui et al. 181 also investigated the SHA using ESP, paying particular attention to its input 
impedance characteristics and gain, and how these vary with the number of turns. They 
noted that the size of an SHA is detennined purely by its radius, and is independent of 
the number of turns. Conversely, for a cylindrical helix with a fixed separation between 
turns, increasing the number of turns increases its axial length. As a result the effect of 
adding turns is very different, and in fact detrimental to the performance of the SHA. 
They showed that both the gain and input impedance vary more rapidly the more turns 
there are, which results in lower bandwidths of operation being possible. 
Hui ct al. then proposed a hemispherical helical antenna 
19"01. The antenna was 
positioned above a ground plane and fed from its edge via a coaxial cable. Their 
motivation for effectively removing the lower half of a full SHA was mechanical 
stability. Through both theoretical and experimental results, and the consideration of 3-, 
4-, and 5-turn geometries, they showed that the hemispherical antenna has similar 
radiation performance to that of a full spherical helical antenna. They obtained a MB 
axial ratio bandwidth of 14.6% from a 5-turn antenna, and a MB axial ratio bearnwidth 
of 90' from a 3-turn antenna, although data was only given for a single elevation plane. 
It has been shown previously [181 that the polarisation of radiation from a cylindrical 
helix can vary dramatically with both 0 and 0. This is also true of the SHA and will 
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be considered in section 5.2 of this thesis. In a subsequent paper I'll Hui et al. 
constructed a 2x2 array from hemispherical helical antennas for INMARSAT-M 
satellite reception. They showed that due to the wide beamwidth over which the array 
elements produce good CP, their array outperformed others designed for the same 
application. 
Chan et al. 1121 proposed a modification to the feed of the hemispherical helical antenna. 
They added a linear segment between the edge and centre, of the sphere as shown in 
Figure 1.1. Chan et al. showed that this improved the axial ratio. 
z 
Hemispherical 
helix 
ýh 
ýXx 
Ground plane 
-Y 
P( 
Figure 1.1 - Centre-fed hemispherical helical antenna reproduced from Chan et al. 
1121 
Zhang et al. 1131 presented a hemispherical helical antenna with an additional matching 
section, tuned for global positioning system (GPS) reception. They addressed the issue 
of mechanical instability by proposing that the helix be printed onto the surface of a 
hemisphere. For their experimental measurements, they affixed copper tape to a 
polystyrene hemisphere. 
o,. 4 
I Chapter I Introduction 
Weeraturnanoon and Safaai-Jazi [141 considered the effect of truncating a full SHA by 
terminating the wire before it reached the upper pole of the sphere. They showed that 
whilst the gain and radiation patterns remained fairly constant, the axial ratio on-axis 
could be significantly reduced, resulting in acceptable CP over a wider beamwidth. To 
demonstrate the effect this could have on the usable bandwidth of the antenna, they 
showed that a 4-tum SHA truncated after 2.75 turns produced an axial ratio of less than 
MB over an 80' bearnwidth and over a 10% bandwidth. Ding et al. 1151 also considered 
the effect of truncation. They presented computed results for a 7-tum SHA truncated to 
3.5 turns, thus forming a hemispherical antenna which rests with its southern pole just 
above the ground plane. Note that this is an inverted form of the hemispherical helix 
previously proposed by Hui 191. 
1.2.5 Antenna optimisation 
There are many optimisation. techniques which can be used to search a parameter-space 
for a set of parameters which produce either the best possible antenna characteristics or 
those which meet given criteria. Such methods include the Genetic Algorithm 
128-30] 
1311 [32] 
Particle Swann Optimisation , Simulated 
Annealing , Monte 
Carlo techniques, hill 
climbing, and random or exhaustive searches. Electromagnetic problems often have 
solution domains which contain non-differentiable and/or discontinuous regions 
[301 
which can prevent some of the techniques from finding a solution. The GA however is 
robust [331 and is able to locate a globally optimum solution irrespective of the 
complexity of the solution space. Genetic Algorithms can also handle multi-objective 
problems [341 without the need for a predefined cost function. 
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Successful application of the GA to electromagnetic problems has been reported by 
[21,35-41] [211 various authors . In particular, Edwards et al optimised a planar printed 
spiral with a GA, using curved segments and the Method of Moments. Their chosen 
GA [421 used Pareto ranking and was dual-objective - looking to minimise both the axial 
ratio on boresight and the angle of the main beam from the boresight direction. 
Altshuler and Linden [351 used a GA to create a new design for an antenna rather than 
optimising a pre-existing design. The GA's goal was to produce an antenna which 
radiated uniform power over the entire radiation hemisphere. The only constraint was 
that the antenna should consist of a number of linear wires connected together in series. 
The GA was able to choose the position, orientation, and length of each of the wires, 
and used the NEC2 engine to perform simulations. A seven segment "crooked-wire" 
genetic antenna which met the design criteria was found using the GA. 
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1.3 Computer modelling 
Antennas with simple geometries can be modelled analytically by making various 
assumptions about their current distributions. The dipole is one such example. Here the 
current is assumed to be sinusoidal with nulls at the end points. This has been found to 
be a good approximation through experimental measurements. From the current 
distribution, further expressions can then be derived to calculate its input impedance and 
radiation patterns. The complex geometry of the SHA makes the development of 
analytic expressions unfeasible. The current distribution along the wire will take on a 
complex form. Thus analytical techniques are not possible. 
A traditional method of antenna design is through construction. Up until the mid-1980s 
it was common for antenna engineers to construct large numbers of test antennas of 
varying shapes and sizes, then to characterise them through time-consuming 
measurements. Over the last two decades available computing power has increased 
dramatically and has led to the realisation of a third method of antenna design - 
numerical methods. Although measurements remain an important part of antenna 
design, it is significantly more efficient to conduct the majority of the design work using 
computer simulations and use measurements to validate this work. 
There are several numerical techniques for modelling antennas computationally 
including Finite Difference Time Domain (FDTD), Finite Element, and the Method of 
Moments (MoM). The latter of these is well suited for modelling wire antennas and has 
been selected for this research. It will be discussed in finther detail in Chapter 2. 
1 1-10 
I Chapter I Introduction I 
Method of Moments software is available both commercially (e. g. ESP [431) and in the 
public domain (e. g. NEC 1441) . Although NEC will be used to provide some validation, 
given in Chapter 3, the author has written custom FORTRAN code to model the SHA 
for this research. Custom software has the advantage that it allows full control over the 
model and its analysis. It also gives a better insight into the operation of the model 
which in turn allows for better interpretation of the results. In particular it has allowed 
the use of curved segments instead of the more usual choice of linear segments. This 
reduces the number of segments needed to accurately represent the curve, thus saving 
memory whilst increasing computational accuracy. Throughout this thesis the code will 
be referred to as SHA-MoM (Spherical Helical Antenna - Method of Moments. ) 
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1.4 SHA geometry 
Within the family of SHA antennas, there is scope for various different shapes of 
antenna, created by altering some of the various parameters available. These parameters 
will be discussed below. 
Number of turns: Perhaps the most fundamental of all the parameters, the number of 
turns will play a critical part in defining the characteristics of the antenna. Suitable 
values might range from a single turn to many tens or hundreds of turns, and are not 
restricted to integers. 
Radius of sphere: This sets the size of the imaginary sphere, around which the wire is 
wound. This dimension will be crucial in determining the frequency of operation of the 
antenna. 
Spacing between turns: When considering a cylindrical helix, it is usual although not 
essential to maintain a constant separation between adjacent turns. Because of the 
additional dimension incorporated by the SHA there are various ways in which a 
constant separation can be defined. Two such methods will be used in this thesis and 
will be referred to as Constant Vertical Separation (CVS) and Constant Circumferential 
Separation (CCS). These are shown in Figures 1.2 and 1.3. The CVS geometry has 
been used in all the papers on the SHA to date [6-151 , and 
is defined such that each turn is 
of the same height. A CVS-type SHA projected onto a cylinder would form a typical 
cylindrical helix with constant spacing. On a sphere, however, this definition leads to 
an uneven distribution of turns over the surface, which is clearly evident when viewing 
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the antenna from the top or bottom (Figure 1.3a). The CCS method, proposed in this 
thesis, ensures a constant circumferential separation between adjacent turns. This 
means that the distance from one turn to the next, measured along the surface of the 
sphere remains constant and leads to more even spacing over the surface of the sphere. 
Figures 1.2 - 1.3 show the two methods of spacing being applied to aI O-turn. SHA. 
The diagrams show views from the side and top of the antenna. 
(a) Constant Vertical Separation (CVS) (b) Constant Circumferential Separation (CCS) 
Figure 1.2 - SHA viewed from the side 
(a) Constant Vertical Separation (CVS) (b) Constant Circumferential Separation (CCS) 
Figure 1.3 - SHA viewed from above (for clarity, only the upper hemisphere is shown) 
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Truncation: Instead of requiring the wire to start at the southern pole of the sphere, 
and extend up to the northern pole, the wire could be truncated. In this way a 
hemispherical SHA could be formed. 
The Twin-arm balanced feed: A further variation to the antenna is to feed it from its 
centre via a dipole which extends to two spherical helical arms, one for the upper 
hemisphere, and one for the lower, as seen in Figure 1.4. 
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1.4.1 Mathematical description 
A mathematical description of both CVS and CCS geometries will be essential to model 
the antenna. These are given below in terms of spherical coordinates. 
z 
y 
x 
-; rN :! ý 0 :5 ; rN 
0 Cos-' 
(;, 
rN 
0 
ra 
Constant Vertical Separation (CVS) 
-; rN :! g ý :! 9 ; rN 
0 ;r0 
2 2N 
ra 
Constant Circumferential Separation (CCS) 
Here N is the number of turns, and a is the radius of the sphere. Appendix A gives a 
complete mathematical description of both types of antennas, and develops the various 
expressions required to model the geometries with the Method of Moments. 
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1.5 Novel contributions 
The Spherical Helical Antenna has received only limited coverage in publications, thus 
many of the results presented in this thesis have not been seen before. It is the first time 
that non-integer numbers of turns have been considered. It is also the first time the 
antenna has been optimised using a search algorithm. 
In each of the limited number of papers published on the SHA the shape of the helix has 
been defined such that it has constant spacing when projected onto the vertical axis. 
This thesis will present a novel alternative to this shape which instead provides a 
constant circumferential spacing (CCS). 
In order to apply the Method of Moments efficiently to the SHA antenna, an equation 
has been derived for calculating the impedance matrix elements between arbitrarily 
curved segments. Such an equation, which is rigorous for both half- and full- pulses, 
has not been seen in the literature. The use of curved segments to exactly represent the 
path of the wire, as opposed to approximating the curve with a number of linear 
segments, is also unusual. At the time the code was written, no other author had applied 
a curved segmentation technique to a non-planar geometry. 
A major novelty of this research is the modelling of a Spherical Helical Antenna, fed 
from its mid-point via twin arms and a balanced feed. Such a geometry has not 
appeared in the literature. 
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To construct a prototype antenna, a method was sought that would allow an exact 
curvature to be obtained. Previous authors have reported using ping-pong balls [71 
polystyrene [8,101 , and foam 
1111 to help construct SHA geometries but have not discussed 
methods of ensuring the curvature produced matched that of the models. In this thesis, 
such a method is described. It involves cutting a groove in a spherical-shaped "mould" 
using a CNC milling machine. The wire is then wrapped around the mould to obtain the 
exact curvature required. The mould is then removed before the antenna is tested. 
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1.6 Overview of thesis 
The next chapter presents the Method of Moments and other theory on which this 
research has been based. An Electric Field Integral Equation (EFIE) is developed which 
allows the modelling of arbitrarily curved segments without the need to approximate the 
helix with linear segments. 
Chapter 3 gives details of the author's MoM code, SHA-MoM, which has been used to 
model the Spherical Helical Antenna. It then goes on to validate the code against both 
published results and data obtained using NEC. Good agreement is shown. The 
number of segments required for accurate representation of the current distribution 
along the wire is also considered, and curved segments are shown to be substantially 
more efficient than linear segments. 
Chapter 4 presents results from the SHA-MoM code, and discusses the characteristics of 
the SHA, in particular its polarisation properties. Several modifications to the geometry 
are proposed including a novel scheme to define the spacing between turns, the 
consideration of a non-integer number of turns, truncation, and a novel balanced feed 
configuration. 
Chapter 5 presents details of the GA which has been used to optimise the antenna, and 
describes why this GA was chosen. Results from several runs of the GA are shown. 
Also included is a discussion of how the objectives of the optimisation were chosen. 
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Chapter 6 describes how a prototype SHA was constructed with the aid of a purpose- 
milled mould which allowed wires to be shaped to exact curvatures. The design of a 
printed balun suitable for feeding the antenna is also covered. Radiation patterns and 
axial ratio measurements taken in an anechoic chamber are then presented. 
Finally, chapter 7 summarises the research and provides some general conclusions. 
Recommendations for further work are also given. 
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2 Method of Moments 
2.1 Introduction 
The Method of Moments technique ill is a powerful tool which can be used to model 
many types of antennas, including dipoles, helices, mays, and printed antennas [21 9 
including those with arbitrary configurations [31 . It works by breaking down an antenna 
problem into a set of simultaneous equations which can be solved using matrix 
techniques. The solution obtained gives the current distribution on the antenna, which 
in turn can be used to calculate radiation patterns, input impedance, and various other 
properties which are of use to engineers. The method is limited only by the computing 
power available to solve the simultaneous equations. In thin-wire antennas, such as the 
dipole, it is usual to assume that the current exists only on the wire surface and is axially 
directed. The field boundary conditions are then satisfied along the axis of the wire. 
This is known as the thin-wire or reduced kernel approximation, and has been used 
[4,5,61 frequently 
2.2 Applying the Method of Moments 
The first step in applying the Method of Moments to an antenna problem is to derive an 
appropriate Electric Field Integral Equation (EFIE) or Magnetic Field Integral Equation 
(MFIE). MFIEs are more suited to closed form geometries, whereas EFIEs work best 
with open form geometries [71 . It is simplest to model a wire antenna as a hollow tube of 
current with no ends, so an EFIE is sought. This is derived from Maxwell's equations, 
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after which the boundary conditions of a specific geometry are imposed. The antenna is 
then broken up into a number of segments and the current distribution along the antenna 
approximated by a series of overlapping pulses. The mathematical description of the 
shape of these pulses is known as the basis function. Each of the current pulses gives 
rise to an impressed electric field everywhere on the antenna. By considering only the 
field from a particular current pulse (known as the source) and integrating this field over 
a particular segment (known as the observation segment) a value for the mutual 
impedance between the segments or pulses is found 181 . This can then be calculated for 
every pair of segments, and the values built up into a two-dimensional matrix known as 
the impedance (Z) matrix. When integrating over a particular observation segment, a 
weighting function, known as the testing function, is applied. If the basis and testing 
functions are identical, then it is known as the Galerkin method 191. Throughout this 
thesis, piecewise sinusoidal functions have been used for both the basis and testing 
functions. 
2.3 Source models 
Two source models exist: delta-gap 191 and the magnetic frill generator 1101. The delta- 
gap model assumes that an excitation voltage is placed across a narrow gap between two 
connected segments. This voltage gives rise to an impressed electric field which exists 
only in the gap. The magnetic frill generator models a coaxial feed terminated with an 
aperture in an infinite ground plane. An annular region of circumferential current is 
then assumed to exist over this aperture and the fields due to this are calculated on the 
surface of the wire. Because the delta-gap model assumes a source which cannot 
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physically exist, it is less accurate than the magnetic frill generator, but due to its 
simplicity it is more widely used. The magnetic frill generator model leads to a more 
accurate solution, particularly when comparing with results obtained experimentally. 
This is however at the expense of being much more computationally extensive to 
obtain 
[71 
. 
2.4 Curved segments 
The number of segments into which an antenna geometry is split is important in 
determining the computing resources needed, and the time taken to generate a solution; 
the larger the number of segments, the more memory is needed and the longer the 
solution takes. When dealing with non-linear geometries, the number of linear 
segments needed to approximate a curve can often exceed the number of segments 
needed to approximate the current distribution. This leads to inefficiencies in the model 
and are best avoided. Curved segments have been proposed [11,121 which alleviate this 
problem by defining segments which accurately follow the curve of the antenna. The 
drawback to this is an increased complexity in the impedance matrix calculations. Due 
to the desire to analyse Spherical Helix Antennas which may have a large number of 
turns, curved segments have been used throughout this thesis. 
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2.5 Derivation of impedance matrix equation 
In order to model the Spherical Helix Antenna an EFIE is required which is suitable for 
curved segments. Such an equation can be derived as set out here. The first part of this 
development is based on the standard treatment of Maxwell's equations. Similar 
workings can be seen in [9]. Figure 2.1 shows the geometry and variables which will be 
used in the derivation. R defines the distance between the source and observation points 
while ? and i describe unit vectors tangential to the wire at these points. 
Observation point described 
by position vector r 
Observation segment*-ýýýý t^ 
R 
A 
if 
Source point described -*-ý Source segment 
by position vector r' 
Figure 2.1 -Geometry and variables used in impedance matrix equation 
We begin by defining: - 
H=VxA (1) 
VO = -E - jcoptA 
and obtain the Lorentz gauge condition: - 
V-A= -jo)c(D 
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Recall Maxwell's 2 nd equation: - 
VxH=j(j)D+JT 
which, using D= FE and (1) gives: - 
VxVx A= icocE+J 
Substituting (2), then using the vector identity VxVxA= V(V - A) -V2A 
VxVx A= jcoF. (-jcoýtA-V(D)+J 
V(V. A)- V2 A= (02 qtA - jcor. V(D +J 
V'A = V(V -A+ j(oc(D) _ (02 qtA -J 
Using (3), then defining P' = 0)26ýt gives the vector wave equation: - 
V'A + PA = -J 
Its solution in free space (c -4 co, ýt -), ýLo) for our current tube is: - 
A= ffJG(R)ds' 
s 
where G(R) =e 
-jPR 
and R= 
V(z-z')+ (p-p')+a 
4nR 
A(r) = 
ffJs(r)G(Rýs' 
s 
From (2) and (3) :- 
Es =-jcokLOA-V 
1 
V-A 
jcoco 
Es = -j(qt0A -jI V(V - A) 
(060 
Es = -i 
[ß2 
A+ V(V - A)] cos 0 
(4) 
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If PEC, then n^ x (Es + El) =0 
fixE s nxEi 
,0 
[ß2 
, =. 
i 
-A fixE nx, A+V(V 
Substituting (4) into (5): - 
fixEi = 
fix J p2 ffJs(r')G(RýS'+V V-ffJs(r')G(R)ds' 
Coe 0ss 
fixEi =fix 
i 
t8 
2jS (r')G(R) + (VF - Js 
(r'))V'G (R)ýs' 
WE 
f 
0S 
where the V means that the "del" operator now works on the source coordinates, 
r'. 
Applying the thin-wire approximation and defining t' as a vector which follows 
the contour of the spiral at the source point: - 
J (r') = 
Using V. 
a, 
I(f') gives: - at 
ý-Ej =ý. 
ij,, 
g2j(V)G(R)+ 
aI I(f' V'G(R dt' 
Coro v 
(at )l 
Making use of t- VG G at 
i-E (f 
.jr), 8 2 I(f')G(R)+ I(f')a G(R)Idt' 
O)CO 1, at, at 
(5) 
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Integrating by parts, noting that the current must be zero at the ends of the wire, gives: - 
j 
e. 
(t. jrý2j(tF)G(R)_ I(tr) 
a2 
f G(R )Idt' wro ataf 
Applying the Method of Moments: - 
fJV. (tyt-Ejdt- I 
I (oco 
whcrc: - 
, 
82 fIV. (f) f(f - (t')G(R)dtdt 
E 1.1 11 
-flV. 
(t)fU. (t') '02 
G(R)dtdt 
atat, 
sin fi(t -) 
IV. (t) = wcighting function 
sin flAt 
sin, 6(t.., -1) 
sin flAt 
sin P(t'- I. -, 
) 
U. (C) = basis function 
sin PAC 
sinfl(t.., - I') 
sin flAt' 
Af 
comparing with Z Z. J. = V. givcs: - 
M-1 
fIV. (t) f(t - 
i'ý. (t')G(R)dtdt' 
fiV. (t)fU. (t') 02 G(R)dtdt 
t. cillcit i 
Equation (6) contains a diffcrcntiated Grccn's function, which will need to be 
solved analytically or computcd numcrically for each curve. Computing it 
numerically will add significant computing time to the model, whilst solving it 
analytically will rcquirc individual and tedious calculations to be incorporated into 
the code for cvcry shape of curve to be modelled. 
t. 
-I :5i:! 
ý t. 
f. :51.5 
f. 
+1 
ýt'ýtD 
10 :5 fl:! ý t. +l 
(6) 
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The following derivation uses integration by parts to remove the differentiation 
from the Green's function, thus allowing efficient implementation of the Method 
of Moments with arbitrary curves. Such a derivation has not been seen elsewhere 
in the literature, and is novel to this research. 
Integrating the 2 nd line of (6) by parts gives: - 
'82 
fWm Q) f(f "'ýn (f')G(R)d"d' 
1.1. 
zmn -j- Un 
W) fWn Q)-ý- G(R)dt 
Wco 1. at 
+ fWm(f)f-a G(R)-&U,, (f')dVdt 
f. t. at at 
Then, again integrating by parts, the 2 nd line of (7) becomes-. - 
U,, (t, IW (t)G(R)I. t. + 
U. (f) W.. (t)G (R)dt 
L 
And the 3 rd line becomes: - 
W. (t)fG(R) Ujf')dil 
t. at, 
llftt. 
- 
f 
i'l W. (t) 
fG (R) -0 U,, (f')df'dt 
to t t. aff 
(7) 
(8) 
(9) 
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Putting (8) and (10) back into (7) gives: - 
Z. 
n -, ý 
i 
Coco 
'82 
f W. (t) f(^t U,, (t') G (R) dt'dt 
2nd line only needed if 
" 
1W. 
(f) 
IfG 
(R) 
at, 
U,, (t) dt' obs. pulse is half pulse 
" 
[U,, 
(t) W. (t) G (R) dt] 
3rd line only needed if 
at 
Vftt. 
src. pulse is half pulse 
[U,, (i') [W. (t) G (R)] 4th line only needed if 
aa both are half pulses 
-f W. (t)fG(R)ý7U,, (i')dt'dt at 
(10) 
Equation (10) will form the heart of the computer code used to model the antenna. The 
double integrations will need to be calculated numerically as no closed-form solutions 
exist for the complex geometry of the Spherical Helical Antenna. The second, third, 
and forth lines of the equation are only needed when either the source and/or 
observation pulses are half pulses (which occur either side of sharp bends in the wire. ) 
When both source and observation are full-pulses, these terms equate to zero. 
Through the use of integration by parts, the equation has been engineered to avoid any 
differentiated Green's functions, G(R), which makes the calculations much easier. 
Within the integrations, the only quantities required are G(R), the distance between the 
source and observation point, and 
(f 
- it') which is determined from the angle between 
the vectors tangential to the wire at the source and observation points. 
Appendix A gives expressions for the G(R) and 
(f 
- 
i') terms for the SHA geometries 
considered in this thesis. 
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2.6 Discussion 
This chapter has described the Method of Moments and the theory on which this 
research has been based. Delta-gap and magnetic frill source models have been 
considered, and both of these will be incorporated into the SHA-MoM code. The ability 
to simulate two different source models will be useful when comparing results both with 
modelled results from other authors, and with measurements. 
An equation for calculating the impedance matrix elements has been derived. This 
equation is rigorous for both half- and full- pulses, and can be used with segments 
which are arbitrarily curved. The equation includes double-integrations which must be 
solved numerically. Crucially the equation contains no differentiated Green's functions 
so can be applied to any shape of curve without the need for tedious analysis each time. 
The following chapter will describe how the equation for mutual impedance developed 
here has been incorporated into the FORTRAN code SHA-MoM, which can then be 
used to model the Spherical Helical Antenna. 
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3 Software and Validation 
3.1 Introduction 
Many of the results presented in this thesis have been produced using independent MoM 
code developed specifically for this research. This has allowed the implementation of 
curved segments E1,21 which would not otherwise have been possible. It is of course 
crucially important that the code be thoroughly validated against external controls 
before the data it outputs can be trusted. Validation has been achieved in two ways; 
against published results, and against a piece of well known EM software. 
A small number of published papers [3-81 have addressed various geometries of 
Spherically Helical Antennas (SHAs). These have incorporated both modelled and 
measured results with various parameters of the antennas being reported graphically. It 
was possible to reproduce many of these graphs with the independent MoM code, and 
some of these comparisons will be given later in this chapter. 
Due to the desire to model a unique geometry for a SHA, a centre-fed balanced variety, 
which has not been reported elsewhere, a second source of control data was also 
required. NEC 191 was chosen for this due to its strong reputation and widespread use. 
The main drawback to using NEC for SHA geometries is its restriction to using linear 
segments, which will be shown to add a great deal of inefficiency to the computations 
involved in the modelling. Comparisons with NEC will be presented in section 3.4 of 
this chapter. 
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3.2 SHA-MoM code 
Dedicated FORTRAN code, referred to in this thesis as SHA-MoM (Spherical Helical 
Antenna - Method of Moments code) was written to assist the research. The main 
reason for developing custom code was to allow the modelling of curved segments -a 
feature which is not available in any of the commercial or public domain 
implementations of the Method of Moments. In addition to this, SHA-MoM has 
allowed a greater control over the source model and choice of basis/testing functions. It 
has also allowed a greater understanding of the physics and maths which fonn the 
foundation of antenna analysis and of how the results are being produced and thus how 
the results can be interpreted. 
3.2.1 Program operation 
The SHA-MoM code takes as its input a text file named parameters. csv. This file 
contains a list of options and values needed to define the geometry of the antenna and 
indicate what output data the program should produce. After reading this file, the 
program calculates the mutual impedance between each pair of segments using 
equation (10) given in Chapter 2. These values form the impedance matrix which is 
then inverted and multiplied by the voltage matrix to give the current distribution along 
the wire. From this distribution, various characteristics of the antenna can then be 
calculated. These include the far-field radiation patterns, gain and axial ratio values, 
and the input impedance of the antenna. Appendix B gives details of the expressions 
used by SHA-MoM for calculating these values. 
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3.2.2 Input parameters 
A list of parameters which can be passed to the program are given in Table 3.1. If a 
particular parameter is not specified in the input file, the default value shown in the 
table is applied. 
Name Description Default 
GEOMETRY-TYPE Type of geometry to model: - I 
I= CVD type SHA 
2= CCD type SHA 
3= Twin-an-n centre-fed CCD type SHA 
4= Cylindrical helix above g. p. 
5= Monopole above a ground plane 
6= CVD type upper hemisphere above g. p. 
7= (not implemented) 
8= Edge-fed CVD hemisphere above g. p. 
N Number of turns 7 
R Radius of sphere (cm) 1.95 
H Height of sphere above ground plane (cm) 0.4 
WIRE_RADIUS Wire radius (cm) 0.04 
FREQUENCY Frequency (MHz) 2870 
NLS Number of segments in linear section I 
NS Number of segments in curved section(s) 50 
NS2 
(see notes below) 0 
GP-PRESENT 0= antenna is in free space I 
I=a ground is present 
END_POINT The proportion of the wire in the lower 1.0 
hemisphere before truncating 
END_POINT2 The proportion of the wire in the upper 1.0 
hemisphere before truncating 
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MAG_FRILL 0= use delta gap source model 0 
1= use magnetic frill source model 
COAX-OUTER_MULT Radius of coax outer as a multiple of 0.45 
WIRE_RADIUS 
(only used when MAG_FRILL = 1) 
Table 3.1 - List of parameters for setting the geometry of the antenna to be modelled 
Notes: - 
The meaning of Ns and NS2 depends on the GEOMTERY-TYPE used. 
It is often desirable to model a particular antenna whilst varying some parameter over a 
specified range. The SHA-MoM code allows for this by the inclusion of the 'RUNS' 
parameter, shown in Table 3.2, which indicates that the model should be repeated a 
given number of times. The parameter to be varied is then specified by the word 
'VARIABLE' followed by a list of values to be used. An example of such is shown in 
Figure 3.1. 
RUNS Number of times to repeat the model whilst I 
varying one or more of the parameters 
Table 3.2 - Additional parameter to allow multiple models to be analysed 
RUNS, 3 
GEOMETRY-TYPE, l 
N, 7 
R, VARIABLE 
1,1.85 
2,1.95 
3,2.05 
H, 0.4 
Figure 3.1 - Example of a parameters. csv rile 
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-- 
I 
The code generates a series of text files in which the results of its calculations are 
stored. The main file produced contains a line of data for each run which summarises 
the important antenna parameters such as input impedance, gain, and axial ratio. In 
addition to this, individual text files can be produced, one for each of the runs, which 
contain more detailed output data including the current distribution along the wire, and 
the far-field pattem. The choice of what output data is produced can be set by the 
inclusion of additional option lines in the parameters csv file. These are shown in 
Table 3.3 which also explains in more detail what data can be produced. 
SAVE_INDIVI DUAL_FI LES 0 =produce only the summary output file I 
(all the following options are then ignored) 
SAVE_GEOMETRY I= record the coordinates of each of the 0 
segments 
SAVE_V_MATRIX I= record the voltage matrix I 
SAVE_Z_MATRIX I= record the impedance matrix I 
SAVE_Z_MATRIX-DEBUG I= record various intermediate values 0 
produced whilst calculating the impedance 
matrix (useful for debugging) 
SAVE_I_MATRIX I= record the current matrix I 
SAVE_I_EXTENDED I= record a more detailed current I 
distribution by interpolating the current 
matrix 
CURRENT_SUBSEGMENTS Sets the number of points per segment at 50 
which to record the current distribution 
SAVE_FAR_FIELD I= record the far-field pattern including I 
field strength and axial ratio 
NUMBER_OF_CUTS Determines the number of radiation patterns 2 
to compute 
Table 3.3 - List of parameters for controlling the output data produced by the program 
1 3-5 1 
I Chapter 3 Software and Validation 
3.3 Validation with published results 
The simplest form of the Spherical Helical Antenna is that shown in Figure 3.2. It 
consists of a single wire shaped as if to wrap around an imaginary sphere and fed 
against a ground plane. There are three parameters of the geometry which can be 
varied; the radius of the sphere, R; the height above the ground plane, h; and the nurnber 
of turns in the wire, N. 
Hui [71 has modelled this shape of antenna using the commercial Electromagnetic 
Surface Patch (ESP) code, and his paper includes graphical results for an antenna with 
parameters N=7, R=1.95cm, h=0.4cm. This provided an excellent opportunity for 
confirming the reliability of the SHA-MoM code. The comparison can be seen in 
Figure 3.3, where the lighter of the two graphs is copied directly from Hui's paper, and 
overlaid onto this is the output of the SHA-MoM code. The graph shows the magnitude 
and phase progression of the current along the antenna. 
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Figure 3.3 - Comparison of current magnitude and phase progression with published results 
(Ný7, R=1.95cm, WireRad=0.04cm, h=0.4cm, Ns=vnriahle, NI, S=I, f-2.87(. 'Ilz) 
Although the general shapes of the graphs in Figure 3.3 agree, there is a warping along 
the x-axis, particularly near the ends. The ends correspond to the very top and bottom 
of the sphere, where the turns are wrapped very tightly. It is expected that the 
fluctuations in the current along the wire have constant period, but f lui' s graph seems to 
show stretching at the ends. It was suspected that Hui may have plotted the current 
against the angular quantity 0 instead of (. 
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By replotting the current amplitude and phase against 0 instead of (, and overlaying 
this onto I lui's graph, much better agreenicrit is obtained. Figure 3.4 shows this. 
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Figure 3.4 - Current magnitude and phase progression and overlay plotted against 
0 instead of 
(N=7, R-1.95cm, WireRad=0.04cm, h--0.4cm, NS=variable, NI. S=I, f=2.87(; Ilz) 
Hui et al. 
SHA-MoM 
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To check this assumption, the same model was run in NFC. See Figure 3.5. This 
confirmed that the spacing between the current oscillations should be equally spaced, 
providing further evidence that I ful may have nilslabcIlcd his x-axis or misinterpreted 
the output from his model. 
Figure 3.5 - Current magnitude along wire of 7-turn SHA, modelled with NEC and SHA-MoM 
1 3-9 
Chapter 3 Software and Validation 
In addition to the current distributions, I lui published a graph showing how the input 
impedance of the antenna varied with frequency. Input impedance is a sensitive antenna 
parameter so obtaining good agreement provides confidence that the code is correct. 
The result of this comparison is shown in Figure 3.6. 
IýPd. - (R.. I) 
-11ýp. dance (1wg-, y) 
Figure 3.6 - Comparison of impedance characteristics 
(N=7, R=1.95cm, WireRad=0.04cm, h=0.4cm, NS=50, N1, S=I, f=variable) 
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3.4 Validation with NEC 
The Numerical Flectromagnetics Code (NFC) "'I is a freely available program which 
also implernents the Method ot'Mornents. It was developed at the Lawrence Livermore 
Laboratory, Livemiore, California, under the sponsorship oftlic Naval Occan Systcrns 
Center and the Air Force Weapons Laboratory. 
Utilising the combination of an FFIF I'M thin-wirc structures and an MFIF for 
voluminous structures, NEC can model a large number ot'ditl'crcnt geometries. It 
allows for the inclusion of non-radiating networks and transmission lines connecting 
parts ol'the structure, perfect and imperfcct conductors, and lumpcd-clcment loading. A 
ground plane can also be incorporated which may be modelled as either a perl'ect or an 
imperfect conductor. 
NEC was used to further confirm that the SHA-MoM code was producing reliable 
results for each ofthe different SFIA geometries discussed in this thesis, including the 
centre-fed SHA seen in Figure 3.7. 
( 
Figure 3.7 - Centre-fed Spherical Helical Antenna 
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The geometry in Figure 3.7 has been the main I'Mus ofthis research so validating the 
output of the SHA-MoM code lor this antenna was ofuti-nost importance. Figure 3.8 
and Figure 3.9 show the real and imaginary parts ofthc input impedance oftlic antenna 
against Frequency with results presented from both the MoM code and NFC. 
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4500 
Figure 3.8 - Input resistance for a 7-turn centre-fed SHA of radius 1.95cm in free-space 
The graphs show good agreement, particularly in the maximum and minimum values of 
input impedance. There seems to be a slight shift along the frequency axis which is 
believed to be a product of the differing segmentation schemes used by NEC and the 
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Figure 3.9 - Input reactance for a 7-turn centre-fed SHA of radius 1.95cm in free-space 
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MoM code. The centre-I'cd Sl IA will also be considered positioned above an Infinitc 
ground-planc. Figure 3.10 and Figure 3.11 show similar comparisons for this modified 
geonictry. 
Figure 3.10- 1n put resistance against frequency for a 7-turn cent re-fed SI IA of radius 1.95cm 
situated 0.4cm above an infinite ground-plane 
Again the results with SHA-MoM in Figures 3.10 and 3.11 show good agreement 
showing that the code has been accurately implemented and is producing reliable 
results. 
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3.5 Convergence 
An important parameter when implementing the Method ol'Monients is the number of 
segments which the structure is decomposed into. This value must be set large enough 
to allow for accurate representation ofthe current distribution along the wire and, if 
linear segments are used, accurate modelling ofthe geometry itself. For Curved 
antennas such as the Sf IA it is the latter criterion which dominates. The convergence of' 
both NEC and SI IA-MoM was investigated flor a numberot'different SIIA geometries, 
and at various frequencies. One such case, which is representative ofall those tested, is 
given below to demonstrate the advantage ofcurved segments over linear segments. 
350 
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--D-Z (real) 
I& z (, -g, n., Y) 
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50 
0 
50 100 150 200 250 300 350 400 450 500 
50 
100 
Number of Segments 
Figure 3.12 - Convergence of NEC (linear segments) 
(7-turn CVD type SHA, C=1.23ý, h=0.04k above infinite ground-plane) 
Figure 3.12 above shows the convergence of NEC which uses linear segmentation. The 
graph shows slow convergence with around 400 segments being needed to provide an 
accurate model. The author's code, Sl IA-MoM, implements curved segments and a 
similar convergence plot is given in Figure 3.13. 
3-14 
Chapter 3 Software and Validation 
(7-turn CVD type SHA, C=1.231, h=0.04k above inrinite ground-plane) 
It is clear from comparing Figures 3.12 and 3.13 that convergence occurs around 20 
times faster when curved segments are used, with a good result being obtained with as 
few as 20 segments. This corresponds to about 3 segments per loop. This rapid 
convergence is attributed to the use of curved segments, and results in a substantially 
smaller impedance matrix. The use of curved segments do, however, increase the 
complexity of the calculations needed to obtain the impedance matrix elements, as both 
of the nested integrations must be done numerically. When using linear segments, as in 
NEC, one of these integrations can be solved analytically. As a result SHA-MoM runs 
slightly slower than NEC, taking perhaps a few minutes per model; NEC typically takes 
less than one minute per model. It should be noted however that NEC has been 
optimised for speed, whereas SHA-MoM has not. It is envisaged that the speed of 
SHA-MoM could be improved to match or better that of NEC. 
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The oscillations in impedance for small numbers of segments, and in particular the 
sharp dip in the input resistance value for 14 segments seen in Figure 3.13 are worth 
commenting on. In order to understand what is happening here, it is necessary to 
consider the current distribution along the wire, and how this is represented by the 
Method of Moments. As discussed in Chapter 2, the current is approximated by a series 
of overlapping basis function, or pulses. The magnitude of each pulse is given by the 
corresponding element in the current matrix once this has been solved by the MoM. 
There are a number of basis functions which can be used, but in this research piecewise 
sinusoidal functions have been chosen. Each current pulse spans two segments and is 
described by the expression: - 
sin P (V - tn-I 
un sin flAf' 
sin J6 
('n+l -t t' 
sin PAt' 
where: - At' is the segment length 
'n-I is the position where the first segment being spanned starts 
t. is the position where the first segment ends and the second begins 
tn+l is the position where the second segment being spanned ends 
The shape of this function depends on the segment length being used. Examples of four 
segment lengths and their corresponding current pulses have been plotted and are given 
in Figure 3.14. 
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segment length =IA 8 segment 
length =IA 4 
///", 
- n 
segment length 
3A 
8 segment 
length =IA 2 
Figure 3.14 - Shape of current pulses as determined by the segment length 
It can be seen that if the segment length is 2A or less, the current pulse contains no dips, 
but if the segment length is more than V4, a dip occurs in the pulse. Figure 3.15 shows 
the effect of overlapping the current pulses. For both cases three pulses have been 
shown with the middle of these plotted in bold for clarity. For segment lengths not 
greater than X/4 smooth current distribution can be obtained, however if there are dips 
present this can adversely effect the current distribution. For the special case where the 
segment length reaches X/2, the pulses overlap exactly. When this occurs the current is 
forced to zero at the end of each segment. This is very restrictive to the current 
distribution and will prevent an accurate solution being obtained. 
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segment length =IA 4 
segment length =IA 2 
Figure 3.15 - Three overlapping current pulses shown for two different segment lengths 
Referring back to Figure 3.13, a sharp dip occurs in the input resistance when 14 
segments are used. To calculate the segment length being used we require the total 
length of the helix which is given by the expression: - 
2xN 
Curved length =a 
0 
-do (; rN)' (I - y/') 
For a 7-tum SHA with a circumference of 1.2252%, as used for the converge graph, this 
gives a curved length of 6.84%. If this length is then split up into 14 equal segments, 
each one will have a length of 0.49, %. This is very close to the V2 case considered 
above and will cause the current to be forced to nearly zero at the end of each segment. 
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3.6 Discussion 
Independent MoM code has been written and carefully validated. The code is capable 
of modelling a number of different geometries including several forms of SHAs and 
cylindrical helices. These antenna shapes will be investigated using the SHA-MoM 
code in the next chapter. SHA-MoM can produce a number of different outputs 
including current distributions, far-field radiation patterns, input impedance 
characteristics, and gain and axial ratio values. 
Output from the SHA-MoM code has been compared with that of NEC, a trusted and 
popular MoM engine, and with published results from peer reviewed journals. The 
good agreement obtained has given confidence to the code, allowing it to be used 
throughout this research. 
The convergence of SHA-MoM with an increasing number of segments has also been 
considered and compared against the convergence of NEC. The SHA-MoM code uses 
curved segments whereas NEC is limited to approximating geometries with a series of 
linear segments. It has been shown that by using curved segments, 20 times fewer 
segments are needed for accurate modelling than are needed if linear segments are 
employed. This leads to very worthwhile computational savings. 
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4 Modelling 
4.1 Introduction 
This chapter describes how the SHA-MoM code has been used to investigate various 
spherical helical geometries. Results from the code are presented to illustrate the 
characteristics of the geometries being investigated. Several modifications to the 
original SHA are proposed, and the effects these have on the antenna characteristics are 
shown. 
The first modification to be investigated relates to the spacing between adjacent turns. 
Previous investigations of the SHA [1-71 have all defined a constant vertical separation 
(CVS) between adjacent turns. In this chapter, a new scheme is proposed and examined 
in which adjacent turns assume a constant circumferential spacing (CCS). 
Also considered are geometries with a non-integer number of turns. Again, this is an 
area which has not been considered previously in papers relating to the SHA. 
A novel balanced twin-arm feed is then proposed. This geometry comprises two 
hemispherical helical arms which curve around opposite hemispheres. The arms are fed 
from the centre of the sphere via two linear sections. 
Finally, a cylindrical helix is modelled and its characteristics compared with those of 
the SHA. 
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4.2 Spacing between turns 
As discussed in section 1.4, various methods exist for defining a constant spacing 
between turns. Figure 4.1 and Figure 4.2 show two such methods, namely Constant 
Vertical Separation (CVS) and Constant Circumferential Separation (CCS). For both 
cases aI O-turn SHA is shown. 
Constant Vertical Separation (CVS) Constant Circumferential Separation (CCS) 
Figure 4.1 - 10-turn SHAs viewed from the side 
Constant Vertical Separation (CVS) Constant Circumferential Separation (CCS) 
Figure 4.2 - 10-turn SHAs viewed from above (for clarity, only the upper hemisphere is shown) 
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The papers published on the SI IA to date 11-71 all use tile CVS geornetry and none have 
mentioned alternatives to this. Given the desire flor the antenna to provide a wide 
beamwidth, it seems logical that the antenna should look as similar as possible when 
viewed frorn different angles. A CVS SI IA will only appear to have constant separation 
when viewed From the side, with the top-down view looking the most irregular. The 
CCS geometry will appear to have turns which are more regularly spaced when viewed 
from both the side and the top, and thus provides the best compromise tor invariance 
due to viewing angle. 
The two geometry types have been modelled Using the SI IA-MoM code for the case of' 
3-tum antennas, and the axial ratio on boresight characteristics are given in Figure 4.3. 
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Figure 4.3 - Axial ratio on boresight for 3-turn CVS and CCS geometries 
Figure 4.3 clearly shows that over the rnýjority of the range, the axial ratio in the 
boresight direction is lower for the CCS geometry than for the CVS scheme. This 
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agrees with the prediction above, and confirms the usefulness ofthc CCS geometry 
proposed here. 
An axial ratio ot'OdB indicates pure circular polarisation, anything higher than this 
technically shows elliptical polarisation with linear polarisation being indicated by an 
infinite axial ratio. It is generally considered I" that an axial ratio oficss than 3dI3 
indicates acceptable circular polarisation. Using this criterion it is possible to definc a 
bearnwidth over which reasonable Cl' is produced. This can be ternied the axial ratio 
beamwidth. 
Figure 4.4 shows the axial ratio bearnwidths for the 3-turn geometries currently under 
consideration. The graphs are discontinuous as a beamwidth is only defined ifthe axial 
ratio drops below 3dB; Figure 4.3 showed that this is not the case for all frequencies. 
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Figure 4.4 - Axial ratio beamwidth for 3-turn CVS and CCS geometries 
4-4 
EC h, alp Ier4 ýod eHi ýng 
From Figure 4.4 it is clear that flor 3-turn antennas the CCS geometry prodUces both 
larger 3dl3 bearnwidths than the CVS gcornetry, and also maintains these bearnwidths 
over wider frequency ranges. For example, the CCS geometry maintains an AR 
beamwidth of'75' over a 23% bandwidth. compared with II% flor the C'VS antenna. 
At a slightly higher frequency, the CCS geometry maintains a 90' AR beaniwidth over a 
6% bandwidth. 
Looking at antennas with a few more turns, Figure 4.5 considers the axial ratio values 
for 7-turn antennas, again comparing the CVS and CCS geometry types. 
10 
9 
8 
7 
6 
cvs 
-CCS 
4 
3 
2 
I 
0 
09 111 12 131415 16 1718 
Cimuniference in awlengths 
Figure 4.5 - Axial ratio on boresight for 7-turn CVS and CCS geometries 
Figure 4.5 shows again that over the majority of the range, the axial ratio in the 
boresight direction is noticeably lower for the CCS geometry than for the CVS scheme. 
The axial ratio response is also smoother for CCS. 
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Although only 3-turn and 7-turn results are presented here, several antennas with turns 
ranging from 2 to 10 have been investigated with the CCS geometries showing similar 
improvements in the axial ratio and axial ratio bcarnwidth irrespective of number of 
turns. 
Figure 4.6 shows how axial ratio varies with theta for the two geometries. Frequencies 
were chosen to coincide with the minimurn values ofaxial ratio shown in Figure 4.5. 
These correspond to a 7-turn CVS antenna with a circunil'erence of 1.31 k, and a 7-turn 
CCS antenna with a circurntlercrice of 1.43L The CCS antenna is seen to give lower 
axial ratio values over the mqjority of the angular range, showing that it is better at 
providing CP off-axis as well as on. 
From Figure 4.6 the AR beamwidths for the CVS and CCS geometries are 78' and 107' 
respectively. Clearly at the frequencies chosen, the CCS geometry provides CP over a 
wider angular range. 
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Figure 4.6 - Axial ratio in the 0= 01 elevation plane for 7-turn CVS and CCS geometries 
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For pure circular polarisation. the EO and EO components must be equal in magnitude 
and must have a 90' phase difference. Figure 4.7 and Figure 4.9 show that the field 
components in and around the boresight direction are almost equal for both geometries. 
However, Figure 4.8 shows a phase difference of 105* whereas Figure 4.10 shows a 
phase difference of 90*. This is the reason that the axial ratio is lower for the CCS. 
Whether E. leads or lags E,, deten-nines the sense of the polarisation; either right-hand 
circular polarisation. (RHCP) or left-hand circular polarisation. (LHCP). Figure 4.8 
shows that for the CVS antenna the phase difference switches polarity near the 0= 90" 
direction. This also occurs for the CCS antenna in Figure 4.10 but near the 0= -90' 
direction. This indicates that the sense of the polarisation can be reversed near to the 
equator of the antenna. 
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180 
Figure 4.7- Radiation pattern for a 7-turn CVS SHA with C=1.31k, ý= 0", -18011 < O< 18011 
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Figure 4.8- Phase difference between Ee and E# for a 7-turn CVS SHA with C=1.31k, ý= 0" 
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Figure 4.9 - Radiation pattern for a 7-turn CCS SHA with C=1.43X, ý= 0% -180* <0< 18011 
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Figure 4.10- Phase difference between Ee and Eo for a 7-turn CCS SHA with C=MN, O= 0* 
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In addition to the radiation and polarisation properties considered so far, the input 
characteristics ofthe antenna are also important as these determine the impedance 
bandwidth ofthe antenna. Figures 4.11 and 4.12 show how the input impedance varies 
with frequency Ilor 3-turn and 7-turn CVS and CCS geometries. 
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Figure 4.11 - Impedance characteristics of 3-turn CVS and CCS geometries 
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Figure 4.12 - Impedance characteristics of 7-turn CVS and CCS geometries 
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It can be seen in Figures 4.11 and 4.12 that the input impedance for the CCS geometry 
is smoother over the frequency range with fewer oscillations. This would allow the 
antenna to be matched over a wider bandwidth. 
Whilst the CCS scheme of spacing proposed here does not offer increased performance 
at all frequencies, it does so over a considerable proportion of them. It is certainly 
worth considering therefore as a replacement to the CVS scheme which has been 
reported so far. 
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4.3 Non-integer number of turns 
To date, the literature on Spherical Helical Antennas [1-71 has only considered geometries 
with an integer number of turns. This makes the discussions simpler but is unnecessarily 
restrictive; geometries can certainly exist with a non-integer number of turns - it simply 
means that the wire reaches the upper pole of the sphere at an arbitrary angle, instead of 
a fixed one. Figure 4.13 shows this effect by considering a number of geometries with 
non-integer numbers of turns. 
7-turn CCS 7.33-turn CCS 
(90 
7.67-turn CCS 8-turn CCS 
Figure 4.13 - SHA geometries with varying, non-integer, numbers of turns 
(for clarity, only the upper hemispheres are shown) 
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Adhering to the unnecessary restriction of integer turns may lead to an antenna with 
useful characteristics being overlooked. This will be particularly relevant when 
optimising the antenna as it is desirable to maximise the search space. 
By considering various examples, it was found that useful properties were indeed 
obtained for antennas with a non-integer number of turns. Figure 4.14 shows the axial 
ratio for an SHA with CVS spacing and a circumference of 1.125, % as the number of 
turns is increased from 2 to 3. 
Clearly it can be seen from Figure 4.14 that the best axial ratio is obtained between the 
two integer number of turns. If the number of turns had been restricted to integer values 
this geometry would have been overlooked. 
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Figure 4.14 - Axial ratio in boresight direction for CVS SHA with C=1.125% 
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4.4 Twin-arm geometry with CCS 
The twin-arm geometry, introduced in section 1.4, and shown again in Figure 4.15 
modifies the SHA into a balanced antenna. Balanced antennas can operate without a 
ground plane and thus offer the advantages of compactness and resilience to detuning 
effects caused when ob ects are brought into the close proximity of the antenna. The j 
twin-arin antenna proposed here uses the CCS scheme of spacing between turns, as this 
was found to give better CP perfonnance in section 4.2. 
The twin-arm geometry consists of two hemispherical helical arms which are positioned 
back-to-back, pointing in opposite directions. Each of these arms is fed via a linear 
section originating at the centre of the sphere. In previous work Chan et al. E91 had fed a 
hemispherical antenna mounted above a ground plane with a similar linear section from 
the centre, as was shown in Figure I. I. The twin-arm geometry proposed here is 
effectively the combination of two such antennas to form a balanced structure, and 
remove the need for a ground plane. The twin-arm geometry is therefore novel to this 
research. 
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Figure 4.15 - Centre-fed Spherical Helical Antenna 
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Analysis of the twin-arm geometry with SHA-MoM has shown a strong similarity 
between this antenna and the conventional SHA. Many of the characteristics of the 
more usual SHA are repeated, and in particular, the modified geometry is still capable 
of providing circularly polarised radiation over a wide bearnwidth. Antennas with 2-, 
3-, 5-, 7-, and 10- turns have been considered. For brevity, only results for 3-turn 
geometries are presented in this section. Any differences between the characteristics 
shown, and those of antennas with different numbers of turns will be discussed in the 
text. 
In general, values for axial ratio are slightly worsened, which is thought to be due to the 
presence of the linear sections which feed the helical anns. The gain of the antenna is 
also decreased due to the absence of a ground plane, which would otherwise help reflect 
any back radiation. However, the lack of a ground plane also results in an increase in 
the bearnwidth of the antenna. 
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Figure 4.16 shows how the axial ratio on boresight varies with 1rcquency for both thc 
twin-arm and conventional Sl IA. Although the axial ratio values are in general higher 
f'or the twin-arm geometry. indicating poorer (T, the modilied geometry still provides 
CP at sonle frequencies. 
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Figure 4.16 - Axial ratio on boresight 
for 3-turn twin-arm and conventional SHA geometries 
Considering antennas with other numbers ol'turns, it has been found that twin-arm 
antennas with 2-, 3, and 10- turns did produce regions of CP, whereas 5- and 7- turn 
antennas did not. The axial ratio characteristics also vary more considerably when 
altering the number of turns, than they do for the conventional SI IA. 
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Figure 4.17 shows the gain in the boresight direction Ior the conventional and twin-arm 
geometries. The gain ofthe twin-arm SIIA varies between about 2dl3 and 6dB and is 
lower than the gain of8-lOdl3 achieved by the single-wirc SIIA. Fortwin-arni 
geometries with 2-, 5-, 7-, and 10- turns the gain also fluctuates between 2-6dl3, though 
the frequency responses vary froin that given in Figure 4.17. For the conventional 
SI IA, a gain of 8-9dB is typical regardless of the number ofturns. This gain then rises 
to around I Odl3 before falling sharply. 
12 
10 
8 
6 
ccS 
1! 4 
0 _twin-arm CCS 
2 
,1 
-2 
-4 
05 1152 25 3 35 
Circumference in wavelengths 
Figure 4.17 - Gain on boresight for 3-turn twin-arm and conventional SIIA geometries 
The reason the gain drops sharply for the single-wire SI IA is due to the current 
distribution on the wire 121 . Ifthe circumference of the 
SlIA is D, then tor turns near the 
equator the currents at opposite sides ofthc turn are in-phase, however the direction of 
the helix is 180' reversed so the far-field patterns produced by the two points interfere 
destructively in the boresight direction. The additional interference of turns away from 
the equator means that this phenomenon occurs for circurriferencesJust under 2k, and 
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decreases in frequency for geometries with a greater number ofturns. Such a 
phenomenon has not been flound wi th the twi n-arm geometry d Lie to the di 11'ercnt 
tleeding arrangement. The current phases at the ends oftlic linear sections, where the 
helical arms begin, are held in anti-phasc by the balanced 1ecd regardless ofthe 
electrical circumference ofthe Sl IA. 
The lack ofa ground plane in the twin-arm geometry also has a potentially beneficial 
effect, as it causes the directivity ofthe antenna to decrease. This can be seen in Figure 
4.18 which compares the half-power bearnwidths for the twin-arm and conventional 
SIIA. 
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Figure 4.18 - Half-power beamwidth for 3-turn twin-arm and conventional SHA geometries 
It is an aim of this research to find an antenna which is capable ofproducing CP over a 
wide beamwidth. In order for the CP to be usable, the radiation pattern must be as flat 
as possible over this range, thus a less-directive antenna with a greater I IIIBW is 
desirable. 
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Considering the gain and polarisation properties in the 0= 00 plane, shows that the 
twin-arm geometry is capable of maintaining its low axial ratio off-axis. Figure 4.19 
shows the radiation pattern for a twin-arm SHA with a circumference of 1.6%. The Eg 
and EO components are plotted as normalised gains and show the characteristic large 
main lobe with no side lobes reported of the conventional SHA [21 . 
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Figure 4.19 - Radiation pattern for 3-turn twin-arm SHA, ý= 00, C/X=1.6 
E, q and EO are similar over a 120' angular range. If the phase 
difference between the 
two components is close to 90' in this region, then the CP performance is also 
maintained off-axis. 
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The axial ratio has been calculated and is shown in Figure 4.20. The MB AR 
bearnwidth is 116" which is comparable, if not slightly better, than those reported for 
11,4,61 
the conventional SHA . It is also an improvement on the 107' AR beamwidth for 
the CCS SHA shown in Figure 4.6, though it should be noted that neither antennas were 
optimised so might be capable of producing greater AR beamwidths. 
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Figure 4.20 - Axial ratio for 3-turn twin-arm SHA with C=1.6X, ý= 00 
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4.5 Cylindrical helix 
In addition to modelling SHA geometries, the SHA-MoM code can also model 
cylindrical helices. This is useful as it allows direct comparison with the SHAs 
presented here. Kraus [io] reported that a 6-tum cylindrical helix with a 14" pitch angle 
provides good CP over a wide bandwidth. This antenna has been modelled and results 
are presented in this section. 
Figure 4.21 shows the axial ratio for a frequency range which is centred where the 
circumference of the helix corresponds to one wavelength. 
10 - 
9 
7- 
0 
T 
4 - 
3 - 
2- - 
ýftfteeool 
0 
06 0.7 08 09 1 1.1 1 .21.3 1.4 
Cimumftmnc* In wavelengths 
Figure 4.21 - Axial ratio on boresight of 6-turn cylindrical helix with 141 pitch angle, VIO above an 
infinite ground plane 
Figure 4.21 shows that an axial ratio value of 3dB or better is achieved over a 57% 
bandwidth. 
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Figure 4.22 shows the gain characteristics over the same frequency range. 
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Figure 4.22 - Gain on boresight of 6-turn cylindrical helix with 1411 pitch angle, VIO above an 
infinite ground plane 
From Figure 4.22 it can be seen that over the 57% bandwidth where CP is radiated, a 
gain of between 8.8 and 10.7dB is achieved. This is a few dBs higher than that 
achieved by the SHA geometries shown previously, but the higher gain equates to a 
more directional antenna, as can be seen in Figure 4.23 which shows the bearnwidths of 
the antenna. 
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Figure 4.23 - HPBW and 3dB AR BW of 6-turn cylindrical helix with 141 pitch angle, X/10 above 
an infinite ground plane 
Figure 4.23 shows that although CP is maintained over a reasonable bearnwidth. the 
IIPBW is much lower, and thus is critical to dictating the useable bearnwidth of the 
antenna. With a maximum bearnwidth of 70' this helix is not capable of producing 
beamwidths as great as those shown for the twin-arm SHA geometry, seen previously. 
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Figure 4.24 shows the Impedance characteristics ofthc helix. The real part ofthis 
shows a resistance which remains around 250Q across the 57% bandwidth wherc ('11 is 
produced. There is also a slight negative reactance \vhich increases in magnitude as 
Frequency increases. 
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Figure 4.24 - Impedance characteristics of 6-turn cylindrical helix with 141 pitch angle, X/10 above 
an infinite ground plane 
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4.6 Discussion 
This chapter has described two significant modifications to the geometry of the 
conventional SHA, and considered the effects these changes have on the antenna's 
performance. Firstly, a new method for defining the spacing between turns has been 
given, and this has been shown to produce better CP both in the boresight direction, and 
off-axis. Specifically, the CCS scheme was shown to reduce the axial ratio on boresight 
and increase the AR beamwidth. Of particular interest was the discovery that the CCS 
geometry is capable of providing these low AR values and high AR bearnwidths over 
larger bandwidths than the previously reported CVS scheme of spacing. 
Secondly, a novel balanced feed has been proposed. This alleviates the need for a 
ground plane and so decreases the directivity of the antenna, increasing its half-power 
beamwidth. Although the presence of the linear section decreases the antenna's ability 
to produce CP at some frequencies, the antenna is still able to produce excellent CP 
with wide AR beamwidths. 
The combination of wide half-power and AR bearnwidths is encouraging but this 
chapter has also shown that the characteristics of the twin-arm geometry are less 
predictable than those of the conventional SHA. This makes antenna design more 
difficult, thus in the next chapter a GA will be applied to optimise the antenna, 
searching for a geometry which is capable of providing CP over a wide beamwidth and 
a reasonable bandwidth. 
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5.1 Introduction 
The twin-ann geometry investigated in section 4.4 was found to have low directivity 
and thus produce wide bearnwidths. It was also shown to be capable of producing CP 
over wide bearnwidths. However, its characteristics were seen to change rapidly with 
both frequency and the number of turns, which makes design and optimisation difficult. 
In this chapter a GA will be applied to the antenna to optimise its perfonnance. 
In addition to the parameters discussed in Chapter 4, namely the number of turns and 
the electrical size of the antenna, the GA will also be given the ability to truncate the 
helical arms of the SHA. Weeratumanoon and Safaai-Jazi [63 have shown truncation to 
be beneficial for the conventional SHA. The twin-arm geometry has two helical arms, 
each of which can be truncated to a different length. This gives two further degrees of 
freedom to the GA. 
This research has focussed on the ability of the SHA to provide circular polarisation. It 
is relatively easy to find an operating frequency where the axial ratio on boresight is 
close to OdB, but it is more difficult to design an SHA which maintains this over a wide 
angular range. The added requirement that the gain must also be as flat as possible over 
the same range adds further complexity. It is this complexity, coupled with the 
relatively large number of parameters which can be varied to change the shape of the 
SHA which makes a GA particularly attractive for this problem. 
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In order to apply a GA, as with any optimisation technique, it is necessary to consider 
how the objectives are set. The manner in which this is done will play a significant role 
in determining what solutions are found. A common method in multi-objective 
optimisation is the use of a cost function, where a mathematical expression relates 
several performance markers to give an overall fitness value. This value is then either 
minimised or maximised under the optimisation. One drawback to this method is that 
the solutions obtained can be very sensitive to the weights set by the cost function. The 
GA can be used without a cost function. Instead of searching for the one "best" 
solution, it can search for a set of solutions which meet the various objectives to 
differing levels, but for which, solutions which offer improvements against all the 
objectives simultaneously do not exist. This is known as the Pareto-optimal set. 
Two different multi-objective GA's were initially applied to this optimisation problem, 
a niched Pareto algorithm proposed by Horn I'] and a Fast Elitist Non-dominated 
Sorting GA (NSGA-II) proposed by Deb [21 - The latter of these was found to give 
faster 
convergence, which is critically important when each simulation can take several 
minutes. The results presented in this chapter have all been obtained using the NSGA-11 
algorithm. Further details of how the algorithm works are given in Appendix C. 
The GA has been run a number of times, using different objectives and different ranges 
for the parameters. Three of these runs are presented in this chapter. 
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5.2 Mean axial ratio bearnwidth 
One of the measures of performance which will be maximised by the GA in this chapter 
is the axial ratio bearnwidth. This is the bearnwidth over which the axial ratio is less 
than 3dB, thus the polarisation of the antenna is close to circular. 
Previous authors of papers on the SHA [3-93 have given values for the axial ratio 
beamwidth. In particular, Weeratumanoon and Safhai-Jazi [61 reported a MB axial ratio 
bearnwidth of 80' for a 4-tum SHA truncated after 2.75 turns. Hui 181 reported an AR 
beamwidth of 90' for a 3-turn. hemispherical helical antenna with a circumference of 
1.2k. However, neither author gave the AR bearnwidth in any other elevation planes. 
It has been shown previously 1101 that the polarisation of radiation from a tapered 
cylindrical helix can vary dramatically with both 0 and 0. Results obtained using 
SHA-MoM have shown that this is also true for the SHA. 
Figure 5.1 and Figure 5.2 on the next page show the upper radiation hemispheres of two 
SHA antennas. The figures relate to the same geometry but at different frequencies. 
The angular regions in which the gain is within MB of its maximum are shown with 
solid lines, and the regions in which the axial ratio is less than MB are shown with 
dotted lines. The shaded areas show where both these criteria are satisfied 
simultaneously. 
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Figure 5.1 and Figure 5.2 show that the gain regions are almost circular. Thus the 
HPBW would be similar irrespective of the azimuth. For the AR regions however, 
choosing different planes would give very different answers. It is also clear that the 
angular region of CP is very dependent on frequency. 
It is desirable to use CP coverage as one of the objectives for the optimisation, but 
taking the axial ratio beamwidth in different planes can give dramatically different 
results. A method is therefore required to alleviate this issue. 
The method proposed here is to calculate a mean axial ratio bearnwidth. The AR 
beamwidth is taken in a number of planes then the results averaged. For the GA's 
presented in this chapter which have used mean axial ratio as an optimisation objective 
16-cuts have been used. This number was chosen so as to minimise the chance of 
fluctuations in the AR bearnwidth occurring between cuts, whilst not adding too great a 
computational overhead to the simulation. As the choice of 16-cuts is somewhat 
arbitrary it will be reviewed and discussed at the end of this chapter. 
For consistency, values for half-power beamwidth will also be averaged over the same 
16 cuts, though it should be noted that the HPBW varies substantially less than the AR 
bearnwidth, as can be seen in Figure 5.1 and Figure 5.2. 
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5.3 Dual-objective optimisation (integer N) 
The first optimisation presented here is dual-objective aiming to produce the best CP 
and the highest gain in the boresight direction. The GA had control over the number of 
turns in the SHA, though only integer numbers of turns were allowed for this run. The 
GA was also free to truncate the two arms of the twin-ann geometry independently and 
at any point from 20% along the curved section of the arm, to the end (i. e. no 
truncation. ) For convenience the frequency at which the antennas were simulated was 
fixed and the GA varied the radius of the SHA, thus varying the electrical size of the 
antenna. As the analysis is in free-space the model is completely scalable. Table S. I 
and Table 5.2 summarise the parameter ranges and optimisation goals. 
Variable Minimum I Maximum 
Number of turns 2 10 
Upper hemisphere truncation 0% 75% 
Lower hemisphere truncation 0% 75% 
Circumference of sphere 0.5k 2X 
Table 5.1 - Parameter ranges for dual-objective optimisation 
Objective Target 
Axial ratio on boresight Minimise 
Gain on boresight I Maximise 
Table 5.2 - Objectives for dual-objective optimisation 
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A population size of 50 was used, and the GA allowed to run for 50 generations. 
Figure 5.3 shows the solution space of the initial population which were chosen at 
random. 
With successive generations the solution space converged quickly and the final 
generation can be seen in Figure 5.4. Generations from about 20 onwards had solution 
spaces which were very similar, showing that convergence occurred quickly. 
Figure 5.4 also demonstrates how this GA maintains a set of different solutions which 
satisfy the two criteria, maximum gain and minimum AF, to differing degrees. If a cost 
function had been used, the weightings would have influenced which of these solutions 
were deemed to be best, and thus the others would have been discarded. With a set of 
solutions to choose from, the particular solution which best meets the two criteria for a 
specific application can be chosen after the optimisation. 
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Table 5.3 shows the parameters and characteristics of the best antennas found by the 
GA. N gives the number of turns, and R is the radius (in cm) of the SHA. The 
frequency was fixed at 2GHZ. END_POINT is the parameter given to the SHA-MoM 
code which describe the proportion of the curved length of the helical arm covering the 
upper hemisphere and END_POINT2 works in the same manner for the arm in the lower 
hemisphere. 
It is interesting to note that all the best antennas found by the GA have 3 turns. 
Fifteen of the antennas in the final generation produce CP in the boresight direction, and 
these have gains of IMB or more. This is higher that the 9-1 OdB reported for the SHA 
previously [73 but it should be noted that this gain might be at the expense of a reduced 
half-power bearnwidth. This issue will be addressed later by including the 
maximisation of HPBW in the optimisation. 
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N R ENDJOINT EN D_POINT2 Axial ratio 
(dB) 
Gain 
(dBi) 
3 2.268 0.883 0.268 0.158 13.176 
3 2.372 0.849 0.255 0.179 13.832 
3 2.353 0.856 0.254 0.285 13.881 
3 2.369 0.853 0.255 0.519 13.891 
3 2.477 0.82 0.255 0.814 13.959 
3 2.302 0.88 0.254 1.327 14.028 
3 2.426 0.842 0.255 1.4 14.076 
3 2.38 0.858 0.256 1.639 14.085 
3 2.353 0.867 0.255 1.738 14.087 
3 2.439 0.841 0.255 1.882 14.204 
3 2.434 0.844 0.254 2.118 14.294 
3 2.417 0.851 0.253 2.329 14.341 
3 2.456 0.84 0.255 2.507 14.352 
3 2.416 0.855 0.255 2.749 14.356 
3 2.446 0.847 0.256 2.953 14.391 
3 2.401 0.863 0.255 3.184 14.457 
3 2.325 0.888 0.254 3.442 14.483 
3 2.375 0.873 0.253 3.462 14.576 
3 2.394 0.87 0.254 3.831 14.619 
3 2.447 0.854 0.256 4.015 14.651 
3 2.393 0.872 0.254 4.167 14.714 
3 2.442 0.859 0.255 4.477 14.781 
3 2.417 0.868 0.254 4.611 14.824 
3 2.396 0.876 0.254 4.744 14.846 
3 2.443 0.863 0.255 5.071 14.939 
3 2.45 0.862 0.255 5.198 14.973 
3 2.447 0.865 0.256 5.406 14.99 
3 2.45 0.864 0.256 5.475 15.011 
3 2.48 0.858 0.258 5.976 
1 
15.058 
Table 5.3 - Best solutions for dual-objective optimisation 
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5.4 Dual-objective optimisation (non-integer N) 
The second run of the GA presented here was again dual-objective but allowed the 
parameters to be varied over greater ranges. Table S. I shows the four parameters and 
their respective ranges. Table 5.2 shows the objectives for the GA which are the same 
as for the previous run. 
Variable Minimum I Maximum 
Number of turns 1.0 10.0 
Upper hemisphere truncation 0% 80% 
Lower hemisphere truncation 0% 80% 
Circumference of sphere 0.2, % 2.5X 
Table 5.4 - Parameter ranges for dual-objective optimisation 
Objective Target 
Axial ratio on boresight Minimise 
Gain on boresight I Maximise 
Table 5.5 - Objectives for dual-objective optimisation 
A population size of 50 was chosen, with a mutation probability of 5%. The GA ran for 
58 hours, modelling 50 generations, and calling the SHA-MoM code a total of 2550 
times. Table 5.6 on the next page shows the best 25 solutions obtained after 50 
generations of the genetic algorithm. These solutions have been sorted into ascending 
order of axial ratio. The remaining 25 solutions had higher axial ratios and have not 
been shown. 
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Solution 
No. 
1 
2 
N 
4.61 
2.87 
Ok 
0.92 
1.40 
ENDPOINT 
0.911 
0.791 
l,, Nl)-I'()IN'1'2 
0.739 
0.247 
Axial ratio 
(dil) 
0.04 
0.08 
(wain 
(dili) 
4.82 
11.22 
3 6.88 1.78 0.948 0.210 0.19 15.99 
4 6.88 1.79 0.955 0.210 0.37 16.08 
-- ...... .... 
5 6.88 1.80 0.962 0.210 0.74 16.13 
6 6.88 1.76 0.976 0.210 0.98 16.43 
7 1.44 1.53 0.99 0.213 2.18 19.66 
8 1.42 1.53 0.991 0.213 2.21 19.93 
9 1.33 1.59 0.991 0.206 2.55 20.33 
10 1.31 1.60 0.989 0.204 2.68 20.53 
11 1.31 1.58 0.990 0.212 3.14 20.64 
12 1.24 1.64 0.990 0.202 3.16 20.88 
13 1.24 1.63 0.991 0.206 3.50 21.08 
14 1.31 1.56 0.991 0.206 3.85 21.38 
15 1.28 1.58 0.989 0.204 4.14 21.61 
16 1.26 1.59 0.980 0.204 4.86 21.95 
17 1.16 1.64 0.990 0.210 5.34 22.17 
18 1.21 1.59 0.983 0.205 5.61 22.36 
19 1.14 1.62 0.993 0.217 6.25 22.41 
20 1.13 1.64 0.980 0.206 6.66 22.94 
21 1.10 1.64 0.986 0.206 6.92 23.12 
22 1.03 1.79 0.945 0.200 7.56 23.39 
23 1.00 1.78 0.952 0.200 7.87 23.65 
24 1.03 1.70 0.975 0.204 7.98 23.72 
25 1.03 1.61 0.988 0.209 8.80 23.76 
Table 5.6 - Best 25 solutions for dual-objective optimisation 
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The nine solutions which have been highlighted have axial ratios values which are less 
than MB, and gains of more than I OdBi. They are therefore worth considering further. 
Although this GA only searched for minimum AR and maximum gain values on 
boresight, it is interesting to consider what the half-power and 3dB axial ratio 
bearnwidths of these antennas are. These have been calculated and are shown in 
Table 5.7. Both values for beamwidth have been averaged over 16-cuts as described in 
section 5.2. The 'Useable Beamwidth' column is the lower of the two beamwidth 
values, and gives a measure of the beamwidth over which the antenna satisfies both gain 
and AR criteria. 
Solution 
No. 
Axial 
ratio (dB) 
Gain 
(dBi) 
Mean HPBW Mean 3dB AR 
Beamwidth (0) 
Useable 
Beamwidth 
2 0.08 11.22 88.9 118.5 88.9 
3 0.19 15.99 80.0 138.0 80.0 
4 0.37 16.08 79.5 138.7 79.5 
5 0.74 16.13 78.5 140.0 78.5 
6 0.98 16.43 79.6 132.6 79.6 
7 2.18 19.66 122.4 84.9 84.9 
8 2.21 19.93 123.9 83.2 83.2 
9 2.55 20.33 117.8 75.6 75.6 
10 2.68 20.53 117.8 72.0 72.0 
Table 5.7 - Beamwidths of solutions 2 through 10 of Table 5.6 
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5.5 Quad-objective optimisation 
The third optimisation presented here was designed to find an antenna which produced 
CP over as much of the radiation hemisphere as possible. Such an antenna would be 
capable of receiving signals from as many directions as possible. The criteria are: - a flat 
gain response with reasonable gain on boresight, and an axial ratio less than MB. Two 
additional goals will be used: - to maximise the mean MB AR bearnwidth, and to 
maximise the half-power beamwidth. The two objectives used in the previous runs will 
also be used, as these will steer the GA when solutions are found with axial ratios 
greater than 3dB. Such solutions will not have a mean AR beamwidth so need to be 
differentiated by other measures. Table 5.8 and Table 5.9 summarise the goals and 
parameter ranges used. 
Objective Target 
Axial ratio on boresight Minimise 
Gain on boresight Maximise 
Mean 3dB AR bearnwidth Maximise 
Mean Half-power beamwidth Maximise 
Table 5.8 - Objectives for quad-objective optimisation 
Variable Minimum I Maximum 
Number of turns 2.0 10.0 
Upper hemisphere truncation 0% 80% 
Lower hemisphere truncation 0% 80% 
Circumference of sphere 0.5), 2% 
Table 5.9 - Parameter ranges for quad-objective optimisation 
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A population size of 80 was chosen. This was increased from the previous run to 
accommodate the larger non-dominated set which will result from the increase in 
optimisation objectives. 
The GA was allowed to run for 12 generations. The simulations took on average 9 
minutes, mainly due to the time taken to calculate 16 radiation cuts. A total of 1040 
antennas were simulated and the GA ran for just under a week. 
During the optimisation only 39 solutions had axial ratio less than MB. These are 
shown in Table 5.10, sorted by mean axial ratio beamwidth. Numbers are shown 
rounded in the table. The GA antenna number given in the first column is a unique 
number given to each test antenna created by the GA and serves as a useful method for 
referring to individual antennas. 
Solutions shown in bold are non-dominated in terms of AR- and half-power 
beamwidths; that is there were no other antennas which perfonned better against both of 
the criteria simultaneously. See Appendix C for a description of non-dominated 
members of a population. 
The three columns on the right of Table 5.10 indicate the bandwidth of the antenna, 
which were calculated retrospectively, after the GA had finished. Various bandwidths 
have been calculated for the various criteria required, namely axial ratio of boresight 
less than 3dB, gain greater than 3dB of the maximum, and impedance bandwidth 
calculated for a VSWR less than 2: 1. The smallest of these three values will determine 
the actual bandwidth of the antenna, and has been shown in bold in the table. 
5-14 
Chapler 5 Optimisation 
CA 
Antenna 
No. 
N (A end point end_poiiil2 
Cain on 
boresight 
(d 13 i) 
AR on 
boresight 
(d 11) 
NICHII NICIIII 
MRAR 
11.41)(114idill 
AR Cain Impedance 
197 5.07 1.26 0.71 0.25 12.3 1 1.94 95.8 116.1 22.1 32.7 7.9 
969 
1 
4.64 1.25 0.75 0.29 11.5 L04 98. 0 11 2.2 13.6 33.3 8.1 
340 6.74 1.58 0.38 0.39 5.4 . - 0.25 - 93.8 ___ 110.5 7.5 49.1 5.0 
44 5.73 1.26 0.38 0.41 4.4 1.52 94.7 106.8 12.7 46.5 1 3.3 
800 2.25 1.20 0.91 0.68 7.4 0.77 105.2 105.0 6.2 46.0 0.4 
100 2.99 1.65 0.95 0.51 8.5 1.76 84.1 104.9 7.4 37.4 3.7 
574 6.02 1.46 0.42 0.30 7.1 0.77 87.1 102.8 11.4 44.3 4.0 
1026 2.48 1.50 0.87 0.70 6.5 1.31 87.8 101.0 6.9 49.6 2.9 
41 4.42 1.44 0.22 0.42 5.0 1.13 88.2 96.0 4.8 27.2 3.0 
575 2.43 1.41 0.85 0.30 11.4 2.29 92.3 94.2 6.7 37.9 1.8 
479 9.49 1.01 0.62 0.89 3.3 0.72 83.3 94.1 3.0 32.7 1.8 
309 3.23 1.35 0.69 0.68 4.7 2.35 94.6 93.8 10.4 49.0 3.8 
534 8.37 0.92 0.41 0.72 3.6 1.81 90.0 93.7 3.0 25.6 0.3 
854 2.84 0.89 
1 
0.99 0.24 15.0 0.36 96.5 92.7 5.5 36.7 0.7 
108 8.48 1.04 0.79 0.57 3.9 0.53 84.7 90.4 6.1 11.5 1.0 
423 4.15 1.25 0.44 0.89 2.9 2.45 93.3 85.9 5-5 47.8 10.5 
1014 6.22 1.36 0.78 0.22 11.8 2.60 100.4 85.1 11. 37.2 5.6 
867 5.22 1.30 0.69 0.30 9.8 2.75 100.1 84.6 11.8 37.5 10.4 
623 5.05 1.28 0.74 0.31 10.4 
1 
2.93 97.0 82.9 12.0 38.0 7.0 
572 4.59 1.46 0.52 0.41 6.8 2.44 88.3 81.7 7.0 47.9 
1 
4.8 
223 3.06 1.14 0.72 0.51 7.5 2.13 103.8 81.6 6.1 41.9 0.6 
807 4.71 1.18 0.21 0.24 2.8 1.92 109.2 80.7 4.3 13.9 1.0 
547 4.12 1.43 0.62 0.93 3.7 2.59 8 3.8 78.6 6.4 2 8.2 8.7 
178 8.24 0.80 0.62 0.48 5.8 1.99 86.8 76.0 1.6 3.6 0.2 
779 2.51 1.28 0.76 0.61 7.1 
1 
2.24 11 1.2_ 75.6 4.4 49.9 0.7 
813 5.28 1.15 0.64 0.45 4.5 2.76 86.5 73.2 1.7 3.4 0.9 
318 4.46 1.19 0.73 0.53 5.8 2.51 90.5 70.8 26.1 24.7 1.9 
560 6.92 0.70 0.60 0.57 2.1 1.48 93.6 69.8 0.7 23.5 0.1 
551 3.01 1.08 0.78 0.42 9.5 2.68 100.2 61.6 4.6 30.6 0.7 
208 5.15 1.47 0.82 0.54 7.1 2.56 82.6 60.4 4.5 35.3 5.1 
296 2.10 1.52 0.50 0.84 4.8 2.78 90.5 58.2 5.5 37.4 3.1 
175 6.78 1.46 0.54 0.50 3.8 2.43 89.1 56.4 4.5 33.9 5.1 
219 2.00 1.92 0.97 0.31 10.2 2.41 95.8 56.1 0.7 6.2 5.2 
150 2.47 1.35 0.77 0.39 10.3 2.84 101.1 49.8 6.1 36.8 2.0 
708 5.25 1.14 0.68 0.56 5.6 2.93 94.0 41.4 8.1 30.0 15.9 
339 5.58 1.78 0.40 0.28 7.3 2.99 90.5 41.0 0.0 35.6 3.0 
99 2.43 1.59 0.33 0.26 7.2 2.47 93.5 32.7 3.4 10.1 2.0 
899 4.65 1.04 0.42 0.23 2.2 2.13 92.5 32.3 3.2 8.6 0.5 
691 3.18 1.28 0.42 0.26 5.8 2.99 92.7 
_1_7.8_ 
2.9 10.8 1.1 
Table'-5.10 - Solutions from quad-objective CA with less than 3dB axial ratio on boresight 
(Solutions shown in bold are non-dominated in terms of AR- and Cain- bearnwidths) 
5-15 
I Chapter 5 Optimisation I 
Figure 5.5 present the 39 antennas diagrarnmatically to show the relationship between 
their attained mean HPBW and mean axial ratio beamwidth. 
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Figure 5.5 - Half-power beamwidth vs. mean AR beamwidth for best antennas 
It was the goal of the optimisation to maximise both the HPBW and the axial ratio 
bearnwidth. In practical terms it is the minimum of these two values which will limit 
the performance of the antenna. 
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Referring back to Table 5.10 the antenna whose minimum val Lie off IPIIW and axial 
ratio beamwidth, is the greatest, is antenna No. 800. This antenna has a mean AR 
bearnwidth ol'105.0' and a IIPBW ot'105.2'. ItsARonborcsightisO. 77dilaildits 
gain is 7.4dB. The parameters which define the antenna are given in Tablc 5.11. 
N C/k end 
-- 
point end_point2 
2.25 1.20 0.91 0.68 
Table 5.11 - Parameters for antenna No. 800 
Figure 5.6 shows the radiation hemisphere for this antenna. The 3dB AR region is seen 
to be skewed to one side and takes on an irregular shape. 
270 
180 
Figure 5.6 - Radiation hemisphere for antenna No. 800 
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Also of interest from Table 5.10 is the antenna with the highest value ol'A R hean1width. 
This is antenna No. 197 which has a mean AR beamwidth ol'I 16.1' and a 111'13W of 
95.8'. Its gain on boresight is 12.3dB and its axial ratio is 1.94. The parameters which 
define the antenna are given in Table 5.12 
N C/? l endpoint end_point2 
5.07 1.26 0.71 0.25 
Table 5.12 - Parameters for antenna No. 197 
The radiation hemisphere lor antenna No. 197 is shown in Figure 5.7. Although the 
region where the gain is within 3dB of its maximum is smaller than the region I'M which 
CP is produced, the simulation data showed that the gain is within 6dl3 ofits maximurn 
over the CP region. 
0 
0 
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Figure 5.7 - Radiation hemisphere for antenna No. 197 
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5.6 Com bin ed -objective optimisation 
The previous GA, which aimed to separately maximise the axial ratio beamwidth and 
HPBW, was prone to finding solutions where both these values were high but where the 
combined region, where both of the criteria were met, was much smaller. A typical 
example of this was seen in Figure 5.6. The GA in this section overcomes this problem 
by attempting to maximise the combined bearnwidth. The combined bearnwidth is the 
bearnwidth over which both the gain and AR criteria are met simultaneously, namely 
where the gain is greater than half its maximum and the axial ratio is less than 3dB. 
This combined beamwidth is calculated over a number of different cuts, and then the 
mean value retumed. Table 5.13 and Table 5.14 summarise the goals and parameter 
ranges used. 
Objective 
Axial ratio on boresight 
Gain on boresight 
Mean combined bearnwidth 
Target 
Minimise 
Maximise 
Maximise 
Table 5.13 - Objectives for combined-objective optimisation 
Variable Minimum I Maximum 
Number of turns 2.0 10.0 
Upper hemisphere truncation 0% 80% 
Lower hemisphere truncation 0% 80% 
Circumference of sphere 0.5), 2X 
Table 5.14 - Parameter ranges for combined-objective optimisation 
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As with the quad-objective GA previously, a population size of 80 was chosen and the 
GA was allowed to run for nearly a fortnight producing 27 generations and simulating a 
total of 2240 antennas. The 25 antennas with the highest combined bearnwidth are 
given in Table S. 15. 
GA 
A t na N C/)L end oint oint2 cnd 
AR on 
boresi ht 
Gain on 
borcsi ht 
Combined 
beamwidth 
Bandwidth 
n en 
No. _p _p 
g 
(dB) 
g 
(dBi) (0) Impedance 
2656 
1 
3.44 1.251 0.99 0.47 1.8 10.1 97.7 8.2 29.0 2.0 
2960 3.42 1.35 0.93 0.35 1.7 11.9 96.8 10.1 30.8 5.7 
3549 3.47 1.38 0.91 0.31 1.8 12.7 96.0 10.1 28.7 7.3 
2707 4.00 1.31 0.84 0.28 2.1 12.9 96.0 10.9 29.1 7.5 
3673 3.35 1.37 0.93 0.36 1.3 11.6 95.9 9.8 32.7 6.4 
3942 3.49 1.38 0.90 0.31 1.6 12.6 95.9 10.3 28.8 7.7 
3941 
1 
3.49 1.38, 0.90 0.31 1.5 12.6 95.9 10.3 28.9 7.9 
3921 3.48 1.381 0.90 0.31 1.3 12.6 95.9 10.2 29.0 8.4 
3507 3.49 1.38 0.89 0.31 1.0 12.5 95.6 10.2 29.3 9.3 
3265 3.66 1.37 0.88 0.28 2.1 13.1 95.3 9.7 27.8 8.1 
3242 3.42 1.38 0.93 0.33 2.4 12.4 94.8 9.7 29.9 6.1 
3974 3.65 1.37 1 0.89 0.66 2.1 6.3 93.7 37.2 39.8 6.5 
3241 3.42 1.32 1 0.96 0.44 2.2 10.3 93.5 9.3 33.6 4.1 
2298 8.09 1.15 1 0.48 0.24 0.9 8.8 93.3 12.7 49.6 1 9.3 
3306 3.08 1.11 0.76 0.20 1.7 16.0 93.3 6.1 48.6 0.5 
4212 4.97 1.25 0.71 0.23 2.2 13.0 92.6 21.3 28.8 12.8 
3664 3.50 1.42 0.85 0.25 0.9 13.5 92.1 8.8 26.3 10.4 
3106 3.15 1.48 
1 
0.92 0.61 0.8 7.3 91.9 11.8 36.9 7.6 
2913 4.20 1.36 1 0.75 0.23 0.5 13.3 91.3 1 
9.3 28.1 10.1 
2308 5.17 1.34 0.69 0.46 1.2 6.7 91.0 20.1 34.4 7.5 
4211 4.66 1.32 0.70 0.21 1.1 13.3 90.7 9.8 27.8 9.9 
4121 3.49 1.43 1 0.85 0.25 0.6 13.4 90.6 8.4 
28.6 9.5 
3420 3.37 1.50 1 0.92 0.54 1.7 7.8 89.5 10.6 44.3 5.3 
3310 3.05 1.48 1 0.94 0.61 1.5 
1 
7.6 89.2 10.5 
149.2 . 
8.0 
3170 4.64 
. 
1.41 1 0.96 0.23 1.9 1 13.6 89.0 13.3 133.1 1_8.71 
Table 5.15 - Best 25 solutions in terms of combined beamwidth from combined-objective GA 
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For reference each antenna simulated was given a unique number starting from 2000 (to 
avoid confusion with those from the previous GA. This unique number is shown in the 
first column of Table 5.15. At the right of the table bandwidth results have again been 
retrospectively calculated. 
The antenna with the highest combined bearnwidth is antenna No. 2656 which achieved 
a 97.7" bearnwidth over which both the axial ratio and half-power criteria were met. 
The antenna has approximately 3.5 turns but is truncated to approximately 2.5 turns by 
taking off the uppermost turn. The exact parameters are given in Table 5.16. 
N C& end_point end, 
_point2 
3.44 1.25 0.99 0.47 
Table 5.16 - Parameters for antenna No. 2656 
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Figure 5.9 shows the radiation hemisphere Ilor this anicrina. The ('11 region is seen to 
coincide with the halt'-power region over much ofthe hemisphere. There is an 
exception to this near (/) = 300' where the CP region greatly exceeds tile hall'-power 
region. It is almost exclusively the half-power region which defines the combined 
bearnwidth of this antenna, except flor a narrow region near (,, ) 0" where the CP 
region dips slightly below it, and so becomes the limiting factor. 
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Figure 5.8 - Radiation hemisphere for antenna No. 2656 
The combined region, shown shaded in Figure 5.8, is marginally greater than that of 
antenna No. 197 from the previous GA (Figure 5.7). The combined beamwidth ofthat 
antenna was just under 95' compared with 97.7' for this new antenna. 
5-22 
I Chapter 5 Optimisation I 
The disappointing feature of antenna No. 2656 is its low bandwidth. While its axial 
ratio and gain bandwidths are 8.2% and 29% respectively, its impedance bandwidth is 
just 2% and thus the limiting factor. Referring back to Table 5.15 it is possible to look 
for an antenna with better bandwidth performance at the expense of a slightly reduced 
bearnwidth. Antenna No. 3507 is one such example. This antenna has an impedance 
bandwidth of 9.3%, which is a clear improvement, and a combined beamwidth of 95.6" 
which is only 2. P lower than that of antenna No. 2656. The parameters of this antenna 
are given in Table 5.17. 
N C/1% end_point end_point2 
3.49 1.38 0.89 0.31 
Table 5.17 - Parameters for antenna No. 3507 
Figure 5.9 shows the radiation hemisphere for this antenna, and shows that both the 
region of half-power and the region of CP vary with 0. 
Figure 5.10 shows how the beamwidths vary with frequency. The combined beamwidth 
reaches 960 and maintains a value of at least 90' over a 6% bandwidth. 
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Figure 5.9 - Radiation hemisphere for antenna No. 3507, C=1.38k 
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Figure 5.10 - Reamwidth variation with frequency for antenna No. 3507 
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5.7 Review of mean axial ratio beamwidth methodology 
The concept of mean AR beamwidth, proposed in section 5.2, has been incorporated 
successfully into the GA as a measure of the angular region over which the antenna 
produces CP. It is worth considering quantitatively what this measure has achieved and 
whether it could be improved. Taking the 39 SHA geometries which produced an axial 
ratio of less than 3dB on boresight from the previous GA optimisation as sample data, it 
is possible to retrospectively apply alternative mean functions. Figures 5.11-5.14 over 
the page show comparisons between the values obtained for the mean AR beamwidth 
over 16 cuts and the values which would have been obtained for 8-, 4-, and 2- cuts and 
for a single AR beamwidth taken in the 0=0 plane. 
It can be seen that the comparison between 16-cuts and 8-cuts, and between 16-cuts and 
4-cuts show relatively little difference, particularly for the larger bearnwidths which the 
GA was trying to find. The SHA-MoM code took around 30 seconds to calculate each 
radiation cut, so reducing the number from 16 to 4 would have saved approximately six 
minutes for each simulation. 
Looking however at the comparisons in Figures 5.13 and 5.14, a large scatter is seen. 
If an averaging of at least 4 cuts had not been used, the values for AR bearnwidth would 
not have been representative of the bearnwidths for all the cuts. 
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5.8 Discussion 
This chapter has presented results obtained from running a genetic algorithm a number 
of times. The GA's goals have been refined in order to address the optimisation 
problem in the best manner possible. These refinements have culminated in the 
definition of mean combined-beamwidth, which is the bearnwidth where both the axial 
ratio and half-power criteria are satisfied, averaged over a number of cuts. This 
definition was needed to overcome the non-symmetric nature of the radiation patterns 
produced by the SHA, where both axial ratio bearnwidth and IIPBW vary with ý, and 
where neither of these separate beamwidths is the limiting factor for all values of ý. 
The optimisations presented were non-specific, aiming for the "best" antenna rather 
than one which met certain criteria. If this was the case then the mean combined 
bearnwidth might better be replaced with another measure, such as the minimum 
beamwidth. The criteria used to define the beamwidths, namely MB axial ratio and a 
normalised gain of -3dB, may also not be suitable for every application. 
In addition to the bearnwidth of the SHA, which has been the main focus of this 
research, the bandwidth of the antenna is also crucially important. A wide beamwidth is 
of no use unless the antenna can maintain this over a reasonable bandwidth. The 
antenna's other parameters, such as maximum gain and impedance, must also stay 
within their limits over the given bandwidth. 
Although bandwidth was not incorporated into the GA, values for the various 
bandwidths have been retrospectively calculated for each of the solutions to the GAs. 
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Ideally the GA should calculate bandwidth at the time it models each antenna. In this 
way the GA could search for solutions with large bandwidths at the same time as 
searching for those with large bearnwidths. The difficulty in incorporating bandwidth 
into the GA is the running time; calculating the bandwidth requires the antenna to be 
simulated at a range of frequencies instead ofjust one. This would have increased the 
running time of the GA, using the current version of SIIA-MoM, from a matter of a 
couple of weeks, to several months. This problem could be rectified either by 
optimising the SHA-MoM code for faster simulations, possibly using interpolation 
techniques["], orby running the GA on a supercomputing cluster. Unfortunately, 
neither of these solutions were possible within the timeframe of this research. 
It is difficult to compare the antennas found by the GA to those obtained by other 
authors. Cardoso and Safaai-Jazi [31 reported a MB AR bearnwidth of 90" but this was 
only given in one plane, and AR beamwidths in other planes may have been 
considerably higher or lower. The HPBW may also have been less than 90'. Antenna 
No. 3507 gave a maximum mean AR beamwidth of 122'. More importantly its 
combined beamwidth reached 96" and maintained a value greater than 90' over a 6% 
bandwidth. 
1 5-29 
I Chapter 5 Optimisation I 
References 
I J. Horn, N. Nafpliotis, and D. E. Goldberg, "A niched Pareto genetic algorithm for 
multiobjective optimization", Proceedings of the First IEEE Conference on 
Evolutionary Computation, 1994. 
2 K. Deb, S. Agrawal, A. Pratap, and T. Meyarivan, "A Fast Elitist Non-dominated 
Sorting Genetic Algorithm for Multi-objective Optimization: NSGA-11", 
Proceedings of the 6th International Conference on Parallel Problem Solving from 
Nature (PPSN VI), pp. 849-858, Sep. 2000. 
3 J. C. Cardoso and A. Safaai-Jazi, "Spherical helical antenna with circular 
polarisation over a broad beam", IEE Electronics Letters, vol. 29 (4), pp. 325-326, 
Feb. 1993. 
4 A. Safaai-Jazi and J. C. Cardoso, "Radiation characteristics of a spherical helical 
antenna7', IEE Proc-Microw. Antennas Propag, vol. 143, pp. 7-12, Feb. 1996. 
5 H. T. Hui, K. Y. Chan, E. K. N. Yung, and X. Q. Shing, "Coaxial-feed axial mode 
hemispherical helical antenna7, IEE Electronics Letters, vol. 35 (23), pp. 1982-1983, 
Nov. 1999. 
6 E. Weeratumanoon and A. Safhai-Jazi, "Truncated spherical helical antennas", IEE 
Electronics Letters, vol. 36 (7), pp. 607-609, Mar. 2000. 
7 H. T. Hui, K. Y. Chan, and E. K. N. Yung, "The input impedance and the antenna 
gain of the spherical helical antenna7', IEEE Trans. Antennas Propagat., vol. 49 (8), 
pp. 1235-1237, Aug. 2001. 
8 H. T. Hui, K. Y. Chan, and E. K. N. Yung, "The low-profile hemispherical helical 
antenna with circular polarization radiation over a wide angular range", IEEE Trans. 
Antennas Propagat., vol. 51 (6), pp. 1415-1418, Jun. 2003. 
9 Y. Ding, J. -H. Qiu, and W. -Y. Qin, "A New Spherical Helical Antenna7, IEEE APS 
Int. Symp., 2005, vol. 2A, pp. 292 - 295, Jul. 2005. 
10 U. R. Kraft and G. Monich, "Main-beam polarization properties of modified helical 
antennas", IEEE Trans. Antennas Propagat., vol. 38 (5), pp. 589-597, May 1990. 
11 K. L. Virga, Y. Rahmat-Samii, "Efficient wide-band evaluation of mobile 
communications antennas using [Z] or [Y] matrix interpolation with the method of 
moments", IEEE Trans. Antennas Propagat., vol. 47 (1), pp. 65-76, Jan. 1999. 
5-30 
I Chapter 6 Measurements 
6 Measurements 
6.1 Introduction 
In order to further validate the computer model and also to assess the feasibility of 
constructing Spherical Helical Antennas, a number of prototype antennas were 
manufactured. This chapter describes the steps taken to produce the prototypes, and 
presents results of the measurements performed. 
6.2 Construction 
Creating a spherical helical geometry to a defined mathematical curve poses an 
interesting challenge, both in terms of reproducing the exact curved shape, and for 
supporting the wire both during and after construction. Various solutions were 
considered and explored including wrapping a wire around a spherical object which 
could later be removed without deforming the wire, for example a balloon which could 
be burst, or wax which could be melted away. The use of a material with a low 
dielectric constant, such as expanded polystyrene, was also considered. The shape of 
the twin-armed SHA however lends itself to being constructed as two separate parts and 
then joined so the emphasis is on recreating exactly the mathematical curve. This was 
achieved through the construction of two hemispherical "moulds" which had grooves 
etched into them using a CNC milling machine. The two moulds were identical except 
that one was the mirror image of the other; this gave two curves which were identical 
except for being of the opposite sense. 
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6.3 Non-optimal prototype 
The first prototype built was a 2-tum twin-an-n SHA with a radius of 1.95cm. The 
antenna was constructed by wrapping 18SWG (1.25mm) tinned copper wire around the 
moulds following the grooves, then carefully prising it away to leave the desired curve. 
Semi-rigid coax was then used to connect the feed point of the antenna to an SMA 
connector. Figure 6.1 and Figure 6.2 show one of the moulds and the completed 
antenna. 
Figure 6.1 - Photograph of one of the two moulds 
Figure 6.2 - Photograph of prototype SHA in anechoic chamber 
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To connect the balanced antenna to an unbalanced coaxial cable, a balun was required; 
for simplicity a sleeve balun was used. Far-field measurements were then taken in the 
anechoic chamber. Unfortunately these measurements showed significant coupling 
between the antenna and the positioner used to rotate the antenna, and this coupling 
prevented satisfactory results from being taken. In order to overcome this, it was 
decided to mount the antenna against a ground plane 
6.4 Addition of ground plane 
A printed balun was designed using Sonnet Lite and is shown in Figure 6.3. The balun 
consists of a tapered T-junction to split the power equally along two tracks. The lengths 
of these feed lines differ by half a wavelength resulting in a phase shift of 180" for one 
of the paths. As a result of this, the balun is inherently narrowband so two separate 
baluns, each with a different centre frequency, were printed onto the board. Selection 
between these two frequencies could then be performed simply in the lab by swapping 
the SHA between the two. The balun was printed onto an FR4 substrate. 
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Figure 6.3 - Layout of printed balun 
Figure 6.4 shows a photograph of the completed prototype. 
Figure 6.4 - Photograph of prototype SHA mounted 5mm above a ground plane 
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The emphasis on measurements was to determine the axial ratio beamwidth at different 
frequencies. In order to do this, phase and magnitude measurements were required for 
both horizontal and vertical polarisation for a series of far-field points. 
The experimental setup consisted of the prototype SHA mounted to a mechanical 
positioner which, under the control of a proprietary computer program, could rotate the 
antenna to any position in the azimuth and elevation planes. The SHA was connected 
as the receiving antenna to an HP8753D Vector Network Analyser, and a dipole was 
connected as the transmitting antenna. A dipole is less than ideal for this purpose but a 
more suitable alternative, such as a horn, was not available at the time. The dipole had a 
resonant frequency of around 2.2GHz and was also rotatable under computer control in 
such a way as to transmit with either horizontal or vertical polarisation. By rotating the 
two antennas accordingly, the software then took magnitude and phase measurements at 
151111511 intervals over the complete spherical far-field, for the two orthogonal 
polarisations. The frequency range over which measurements could be taken was 
limited by the printed balun and the transmitting dipole, and was chosen to be 2.75 GHz 
-3 GHz. Two sets of measurements were taken to verify the reproducibility of the 
results. 
Figure 6.5 shows the axial ratio on boresight over the range of frequencies. There is 
some variation between the two sets of results and the predicted values, which shows 
the difficulty of calculating axial ratio values from experimental data. However, both 
sets of results show that the axial ratio remained below 3dB at all the frequencies tested, 
which indicates that reasonable CP was being produced. 
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Figure 6.5 - Axial ratio on boresight over a range of frequencies 
The anticipated properties of the SI IA are that it can produce good ('11 over a wide 
beamwidth. Figure 6.6 shows the measured beamwidth for which the axial ratio stayed 
below 3dB. Beamwidths were determined for each of the 12 elevation planes measured, 
and the graph shows an average ofthese values. With the exception of one frequency 
point, a much better agreement is seen between the two sets of data, though this varies 
slightly from the modelled values. 
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Figure 6.6 - 3dB Axial ratio Beamwidth over a range of frequencies 
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6.5 Optimal prototype (Antenna No. 197) 
Antenna No. 197, found by the quad-objective GA in section 5.5, was also constructed 
as a prototype, but an altemative approach was used to provide a balun. For this 
antenna a Murata Chip Balun was soldered onto the centre a small PCB approximately 
2.5cm by 2cm. The twin arms of the antenna, and the semi-rigid coax feed were then 
soldered onto pads which connected to the appropriate leads of the chip. The balun is 
rated for operation at 180OMHz ±I OOMHz. Figure 6.7 shows a photograph of the 
antenna. 
In order to measure the radiation patterns of the antenna it was mounted above a 
turntable inside an anechoic chamber. A double-ridged waveguide horn antenna (HF- 
906 from Rohde & Schwartz) was situated approximately 15 wavelengths away from it, 
with the two antennas connected to a VNA. The turntable was rotated through 360' 
with the S12 values being recorded for each angle. The hom was then rotated 90' and 
the measurements repeated; this allowed both E. and E. values to be obtained. Phase 
1 6-7 
Figure 6.7 - Prototype of Antenna No. 197 in anechoic chamber 
Chapter 6 Measurements 
readings were recorded alongside amplitude measurements so that axial ratio 
calculations could later be performed. Figures 6.8 - 6.9 show the predicted and 
measured radiation patterns for the antenna at 1.8GHz. 
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Figure 6.8 - Radiation pattern of Antenna No. 197 modelled with 
SHA-MoM (1.8GHz, ý= 01) 
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Figure 6.9 - Measured radiation pattern of Antenna No. 197 prototype (1.8GHz, ý= 01) 
1 6-8 
I Chapler 6 Measurements - 
The radiation patterns in Figures 6.8 - 6.9 show strong cori-clation, particularly in the 
region ofinterest ( -60' <0< 600 ). The measured results near the back oftlic 
antenna (0 ýý- 190' ) have been distorted slightly due to tile turntable obstructing the 
path between the two antennas. The slight ripples in the E, values around 0 -- ±90' 
are thought to be due to the presence ofthe IT11 and chip balun at the ccntrc ofthe 
antenna. Close to 0= ±90', where the antenna is side-on to the horn, the IICB 
obstructs the radiation from the Furthest side ofthe antenna. 
Figure 6.10 shows the computed and measured axial ratio characteristics ofthe antenna. 
According to the SfIA-MoM simulation, the 3dB AR bearnwidth in the (, ) --- 0' plane 
should be 117'. This compares favourably with the measured value of 112'. 
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Figure 6.10 - Comparison of measured and modelled axial ratio characteristics of Antenna No. 197 
(ISCHz, 0= 0) 
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6.6 Discussion 
This chapter has given details of how prototype SHAs were built and has presented the 
results of the measurements taken on the prototypes. The results have shown that the 
antenna is capable of producing acceptable circular polarisation over a wide beamwidth. 
Furthermore the measurements have provided additional validation for the modelled 
results given in the previous chapter. 
The construction of a prototype highlighted the inevitable fact that the antenna is 
mechanically very fragile; although satisfactory for careful handling in the lab, it would 
need to be made stronger and more robust for any real-world application. This could be 
done by wrapping the wire around a dielectric former which is then left in place. 
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7 Conclusions 
7.1 Introduction 
In this chapter the research which has been conducted will be reviewed and critically 
discussed. Key aspects of the work, and in particular the novel contributions, will be 
highlighted. Finally, ideas for further work will be presented. 
7.2 Summary of research 
The research described in this thesis has centred on the spherical helical antenna. This 
antenna, which has received little attention in the scientific journals, is capable of 
providing circular polarisation over both a wide bandwidth and, more unusually, a wide 
beamwidth. This is a useful property for many applications, particularly those where 
signal must pass between Earth and space, for example satellite communications and 
space telemetry. The nature of these applications often requires an antenna with large 
angular coverage such that signals can be transmitted or received over the entire 
radiation hemisphere. Signals which pass through the ionosphere undergo Faraday 
rotation and so circular polarisation is essential to minimise path losses. Cylindrical 
helix antennas and spiral antennas, although producing circular polarisation in the 
boresight direction do not maintain this in off-axis directions. In this thesis, several 
novel modifications to the SHA have been proposed and these have been shown to 
improve its performance. 
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In Chapter 2 an equation was developed which calculates the mutual impedance 
between two arbitrarily curved segments. The equation is unusual in that it avoids 
having to differentiate the Green's function. Instead, it requires only two expressions - 
the angle between the tangents at any two specified points, and the distance between 
them. The equation is therefore applicable to any free-space geometry whether it 
consists of linear wires, curved wires, or a mixture of the two. 
This equation for the impedance between two curved segments was then used in the 
custom FORTRAN code, SHA-MoM, which has been written as part of this research. 
SHA-MoM applies the Method of Moments to the spherical helical geometry and 
calculates current distributions, far field patterns, and impedance characteristics. Of 
particular importance is the calculation of axial ratio values which give a measure of the 
quality of circular polarisation. The code was rigorously validated in Chapter 3 against 
both published material and NEC. Good agreement was shown. 
The SHA-MoM code uses curved segments, which have been shown to reduce the 
number of segments needed for a particular geometry, thus reducing computational 
requirements, whilst maintaining accuracy. Curved segments have not been widely 
used in the literature and can be considered novel. To the best of this author's 
knowledge, when the SHA-MoM code was written, curved segments had not been 
applied to a non-planar geometry by other authors. The efficiency afforded by the 
curved segment technique, without any loss of accuracy was of utmost importance when 
the code was used as part of an optimisation algorithm, and thus executed hundreds or 
thousand of times. 
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Various antenna geometries based on the spherical helix have been investigated using 
the SHA-MoM code, and the results have been presented in Chapter 4. These 
geometries have modified the SHA from the forms seen previously in the literature, and 
many of the modifications have led to improved performance, particular in terms of the 
axial ratio, the bandwidth, the half-power beamwidth, and the axial ratio bearnwidth. 
A novel scheme for specifying the separation between turns has been proposed. This 
new spacing technique, referred to as constant circumferential spacing (CCS), gives rise 
to a spherical helix which appears more uniformly spaced irrespective of the angle from 
which the antenna is viewed. Previously, only a constant vertical separation (CVS) 
geometry had been considered in the literature. The CCS scheme was shown to give 
lower values of axial ratio and wider AR beamwidths when compared to the CVS 
geometry. To illustrate this improvement a 7-turn SHA with the proposed CCS spacing 
was compared to a similar antenna with CVS spacing. The CCS geometry improved the 
minimum axial ratio from 2.6dB to 0.4dB whilst increasing the MB AR beamwidth at 
these frequencies from 58' to 107". A further improvement was seen in the input 
characteristics of the antenna. The CCS scheme gave a smoother frequency response 
with fewer oscillations. This would enable the antenna to be matched over a wider 
bandwidth. 
Spherical helical antennas with non-integer numbers of turns have also been considered. 
It was shown that the unnecessary restriction of allowing only an integer number of 
turns could potentially discard an antenna with useful properties. An example was 
given for a SHA with CVS spacing and a normalised circumference of 1.125%. Here 
the axial ratio on boresight for 2- and 3- turns was above 2dB but this improved to 
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below ldB if 2.4 turns were used. It is particularly important when using an 
optimisation algorithm that the parameter space is a large as possible in order to 
maximise the chance of success. 
A further enhancement to the original SHA was the proposal of a balanced twin-arrn 
geometry in Chapter 4. This geometry, which is unique to this research, can be used 
without a ground plane thus decreasing the directivity of the antenna, and increasing its 
half-power beamwidth. An antenna which radiates CP over a wide beamwidth is of 
little use if the magnitude of the radiation at the edges of the AR bearnwidth is not 
sufficiently high. An increase in the half-power bearnwidth is therefore greatly 
beneficially to the pursuit of an antenna with large CP coverage. 
In Chapter 5a genetic algorithm was used to seek truncated twin-arm geometries with 
optimal performance. This is the first time a spherical helical antenna has been 
optimised using a search algorithm. Various algorithms were investigated and the one 
with the fastest convergence was selected. Various schemes were presented including 
dual-objective and quad-objective algorithms to search for the best axial ratio 
bearnwidth with highest gain. Due to the significant variations in axial ratio over the 
radiation hemisphere, the use of a single axial ratio beamwidth was deemed unsuitable. 
An alternative measure of CP coverage was proposed: the mean axial ratio beamwidth. 
This average value of axial ratio beamwidth was calculated using the data from 16 
separate radiation cuts. The choice of 16 was somewhat arbitrary and was subsequently 
reviewed using data obtained during the optimisation process. The comparison of the 
mean values obtained from 16 cuts was compared with the values that would have been 
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calculated if the number of cuts was reduced. It was shown that 4 cuts was the best 
choice when considering both accuracy and computational complexity. 
By applying the GA to the SHA, a truncated twin-ann antenna was found which 
produces circular polarisation. over a bearnwidth of 116'. This is substantially greater 
than those reported previously for the conventional SHA which at best gave an AR 
beamwidth of 90'. 
Finally in Chapter 7, methods of constructing SHA antennas were considered and 
measurements from prototype twin-arm SHAs were given. The manufacturing of a 
spherical helical geometry to a defined mathematical curve poses an interesting 
challenge, both in tenns of reproducing the exact curved shape, and for supporting the 
wire both during and after construction. A solution to this difficulty was presented in 
the form of a hemispherical "mould" which had been milled using a CNC lathe to cut a 
defined groove. A wire could then be wrapped around this mould, following the 
groove, to take on the intended curve before removing the mould. The design of a 
suitable feed network for the twin-arm geometry was also discussed. Radiation 
measurements from the prototype showed that even a non-optimal twin-arm SHA is 
capable of providing circular polarisation over a wide bearnwidth. 
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7.3 Further work 
The prototype antenna was fragile. In practice the antenna would have to be left on a 
dielectric fonner or have a radome cover (or both) for support. This would of course 
change the characteristics of the antenna. The Method of Moment analysis presented in 
this thesis is valid only for antennas in free-space, but could be extended to include 
dielectric substrates and superstrates in the model. 
A further modification to the SHA would be that of non-uniform scaling, such that the 
antenna could be scaled by different amounts in each of its three axes. The resulting 
antenna would then be an ellipsoidal helical antenna. 
The characteristic single lobe with no side lobes and low back radiation coupled with a 
relatively high axial gain makes the SHA and its variations suitable as an array element. 
This could be investigated further. 
In the review of relevant literature at the beginning of this thesis, reference was made to 
the use of a GA not simply to optimise the parameters of an antenna, but to design a 
new type of antenna from scratch. The curved segment code used in this thesis is 
already capable of modelling arbitrarily curved segments. It would be interesting 
therefore to give a GA the complete freedom to design an antenna from curved 
segments. For mechanical stability it would be useful to constrain the curved segments 
to be conformal to some surface, though the shape of this surface could also be 
controlled by the GA. 
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Appendix A 
Expressions defining the SHA geometries 
A. 1 Introduction 
This appendix shows the development of various equations necessary to allow the 
Method of Moments to be applied to the Spherical Helical Antennas described in this 
thesis. Equations are presented for both the CVS and CCS spacing schemes. For a 
given point on the helix it is necessary to calculate its position vector and the tangent to 
the wire at that point. Between a given pair of points (source and observation), their 
straight-line separation distance and the vector dot product of their tangents are 
required. Finally an expression which gives the curved length of the antenna between 
any two points is also needed. 
The coordinate system used throughout this thesis is as shown below-. - 
z 
y 
x 
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A. 2 Constant Vertical Separation (CVS) 
T'he geometry is defined using spherical coordinates as: - 
-; rN :! ý ý :5 ; rN 
0= Cos-' 
I) UN 
r=a 
where: - 
N is the number of turns 
a is the radius of the sphere 
Convcrsion to Cartcsian coordinatcs can bc achievcd using-- 
x=r sin (0) cos (0) 
y=r sin (0) sin (0) 
z= rcos(o) 
thus: - 
x=a sin cos-1 cos (0) 
rN 
y=a sin cos-1 
0 
sin (0) 
rN 
z=a 
0) (; 
rN 
Introducing the substitution V/ =I) and simplifying leaves: - 
NN 
aji -7 cos (0) 
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avri - 
ý7 
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av 
The tangent vector 2 can be obtained from: - 
dx dy dz 
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do 
where p is the position vector given by p= (x, y, z) 
thus: - 
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do 
do 
and: - 
[; rN (I - V') sin o+ VcosOl Ix = 
; rN (I - v/') cos 0-v sin 0] ly =I-- 
N 
F(; rN)2 
(I 
_ V/2 
)2 
+I 
2 
N 
(I 
_ V2 
)2 
+ 
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The curved length of a section of the antenna can be obtained by integrating 
IdpI 
I do I' 
Thus the total curved length of an SHA with CVS spacing between turns is: - 
xAf 
Curved length =a 
-jrAr 
-do V/2 ) 
The vector dot-product between the tangents at any two points 0 and 0' (with 
associated V/ and V') is given by: - 
'[(7rNy (I 
- V/XI - v/'2)+ vv/ýos(O - 
ý'j 
+ 'TIV 
KI 
-v 
2ýp 
_(I_ V/P2 
ý]sin(o 
- o') 
."I 
-V/ 
2 VI 
_ V/F2 
11- 
+ (rN 
_Y(I 
V2y 
Fj 
+ 
FrN 
Y 
(I 
_ V/ 12 
and the straight-line separation distance between them is: - 
R= ai2 - 2V/yf'- 2Nfl - v' 
VI 
- v" cos(0 - 0') 
If a ground plane is present a distance h below the bottom of the sphere, a reflected 
source point appears. The equations associated with this reflection are: - 
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(_ [(2TN)2 (I 
_V, 
2 XI 
_ Vft2 
)+ 
VVff]COS(o _ývý 
,T 
N[(l _ Y12 
Vp 
_ 
(I 
_ Vf 
r2 V]sin(o 
- o') 
and: - 
+ VIP F, +4 2-4hV/-4hV' 
R=a 
r-+2 
V/vp +I- 
Cos I- V/2 - V/ 
v2 (o 
-o) 
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A. 3 Constant Circumferential Separation (CCS) 
The geometry is defined using spherical coordinates as: - 
-; rN:. -g 0:: 5 ; rN 
Z0 
2 2N 
r=a 
Introducing the substitution ;r0 and converting to Cartesian coordinates 2 2N 
gives: - 
x=a sin (v) cos 
a sin (v/) sin 
-a cos (v/) 
Differentiating the position vector with respect to 0 gives: - 
' 2 ' Lp f(dx dy dz 
= + 
) ( 
+ 
) ( ) 
do V(do do do 
where 
dx 
= a[ 
1 (cos(V/)cos(o))-sin(V/)sin(o)] TO 2N 
dy 
= a[ 
1 (cos(V)sin (0)) +sin (V)cos(o) do 2N 
I 
dz 
=a 
[-L (sin (V/))] 70- 2N 
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Thus: - 
L=a+ 
sin 
2( V/) 
dpý 
I 
And: - 
dx dy dz 
1. = 
do tx =d, I=d -1 
d do 
ppy ýLp Fd p 
o do do 
tx = 
(cos (V/) cos (0)) - 2N (sin (V) sin 
41 -+4 ff Fs -in 2 (V/) 
,= 
(cos (V/) sin (0)) + 2N (sin (v) cos 
Vl + 4N 2 sin 2M 
sin (v) Is 41 + 4N 
2 
sin 
2 (V) 
The total curved length is: - 
jr)v 
a_ 
f 
irm 
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The vector dot-product between the tangents at any two points 0 and 0' (with 
associated V and V/') is given by: - 
[(cos (V/) cos (0» - 2N 
(sin (v/) sin (0»] 
x [(cos (V') cos (0'» - 2N 
(sin (y/') sin 
+ [(cos (v/) sin + 2N (sin (v/) cos (0»] 
x [(cos (vf') sin (0'» + 2N (sin (V/') cos 
+ sin (V) x sin (v') 
., 
fl + 4N 
2 
sin 
2 (V/)41 + 4N 
2 
sin 
2 W) 
and the straight-line separation distance between them is: - 
S, n (V) COS (ý) - sin 
(V, ) COS 
(0, ))2 
a. + sin (V/) sin (0) - sin (V/') sin 
(0, ))2 
(Cos (V) 
- Cos 
(V') 
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Appendix B 
Expressions for far-field patterns 
B. 1 Introduction 
This appendix gives the equations for the calculation of the far field radiation pattern 
and axial ratio, as used in the SHA-MoM code. 
The coordinate system used throughout this thesis is as shown below: - 
z 
y 
x 
B. 2 Far Field 
Using the spherical coordinates (r, 0, ý) where r is the distance from the origin, 0 is the 
azimuthal angle in the xy-plane, and 0 is the polar angle, the equation relating Es to A 
is: - 
Es =. 
I 
82A+V(V-A 
J (060 
1 
)l 
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In the far-field, this can be approximated to ['I: - 
Es. =., 
[ß2 
AOJ 
i Wco 
Eso =. 
1 [ß2A0] 
j wco 
Es, =O 
The following equation must be comPuted for both i=d and ^f = 
i-Es P2 fl(t'kt - 
i'ý(Rýt' 
j wro 
whcre 
Cos 0 Cos 0' -- sin 0' 
sinocosO or coso 
-sinO 0 
and 
Ir - rl where r= 
(r sin 0 cos 0)ý + (r sin 0 sin 0, ')k + (r cos Oyz 
I(t') can be decomposed and the current matrix value taken out of the integral (if the E- 
field from all pulses are summed separately. ) 
The result will be a product of I/r. Tlerefore multiplying by r (in cm) will normalise it. 
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B. 3 Gain 
Power radiated will be: - 
112R, 
2 
where P, is an nns value (in W), and I is a peak value (in A) 
Power (dBi)... 
10 10910 r2 
JEg 12 (217 
B. 4 Axial ratio 
JEO 12 ]x 4; r where q= P, 
) FýýCoo- 
Axial ratio is defined as the ratio of the maximum to minimum magnitudes of E-field as 
it rotates with time. Expressions for calculating axial ratio are [21 :- 
major axis Axial Ratio =±. 
minor axis 
where: - 
major axis = 
JE8 12 + JEOI 
2+ VIE,, 14 
+IE014+ 21Eg 
12 JEO 12 COS(2a VI) 
2 
E,, f +JEOJ 
2_ ýIEq r+ IEO r+ 21EIg r JEO r CoS(2A Vf) 
minor axis = 
2 
and: - 
JE, g I= 
F(E,,.,, 
g + 
(E,, 
ý. 
T 
IEO I= VCEOýýw+ [E-, 70, i. 
7g 
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tan-' 
( 
Eo, 
real 
AV/ = V/8 - Vo 
The sign of AR (if given) is determined by the sense of the circular polarisation. where- 
+ve values indicate countcr-clockvAse or left-hand CP, and 
-ve values indicate clockwise or right-hand CP, and 
Tlus: - 
1--5 JARI: 5 oo 
JARI =I indicates circular polarisation 
JARI = oo indicates linear polarisation. 
Any other value indicated elliptical polarisation 
Exprcsscd in dB, the axial ratio is dcfined as: - 
ARd, j = 20 loglo AR 
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Appendix C 
The NSGA-11 genetic algorithm 
CA Introduction 
NSGA-11 is an elitist non-dominated sorting genetic algorithm proposed by Deb 111. 
This appendix provides a brief description of its operation. 
C. 2 Non-dominated fronts 
A non-dominated member of the population is one for which there are no other 
members which perform better against each of the optimisation objectives 
simultaneously. The first non-dominated front in a population is the subset of the 
population which are non-dominated. If these members are then temporarily discarded, 
the second non-dominated front is the subset of the remaining population which are now 
non-dominated. The process of removing the current non-dominated front and finding 
the next continues until all members of the population have been assigned a non- 
dominated front number. 
C. 3 Crowding distance 
To help select between different members of the same non-dominated front, a crowding 
distance metric is defined. This is a measure of how close the member is to other 
members with similar fitness. When members are removed from the population, and 
I C-1 I 
I Appendix C The NSGA-II genetic algorithm I 
the choice of which member(s) to remove cannot be made based on the non-dominate 
front number, the crowding distance metric is used such that members which are similar 
to others are more likely to be removed. 
CA Operation of NSGA-11 
The initial population of N members is generated at random. Values for each of the 
genes are chosen at random keeping to the ranges specified. The fitness of each of these 
members is then evaluated. This is done by running the SHA-MoM code. 
The next steps are iterative and will be repeated until the GA is stopped or a given 
number of generations have been computed. 
Firstly, some members are copied to the mating pool. The choice of which members to 
copy is based on their non-dominated front number, and to a lesser extent their 
crowding distance metric. The exact method is described in section CA I. 
Members in the mating pool are now paired, and each pair produces two new offspring 
using the arithmetic crossover operator. The offspring are created such that they inherit 
similar genes to their parents. Mutation is also applied to a percentage of genes. When 
a gene is mutated it is given a random value. Mutation helps to prevent stagnation, and 
helps to search an entire parameter space. 
In total, N new offspring are created and these are then evaluated for fitness. Once this 
is done the parent and offspring population are merged forming a population of 2N. 
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This merged population is ranked according to non-dominated front number and within 
the front by the crowding distance metric. The bottom N members are then discarded 
and the process repeats. 
CAI Filling the mating pool 
First the mating pool is filled with N members by holding N tournaments between pairs 
of solutions with the winning solution being placed into the mating pool. Pairs are 
chosen in such a way that each member of the population is entered into exactly two 
tournaments. The tournament is decided based primarily on the front number of each of 
the solutions, with the solution with the better front number going into the mating pool. 
If the two solutions are in the same non-dominated front, then the tournament is decided 
based on the crowding distance of each of the solutions. 
At this point, the mating pool will consists of N members. The better members of the 
old population may appear twice (having won both the tournaments they played) and 
poorer members may not make it into the mating pool at all. 
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